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ABSTRACT
Fuel Performance Modeling of Reactivity-Initiated Accidents Using the BISON Code
by
Charles Pearson Folsom, Doctor of Philosophy
Utah State University, 2017
Major Professor: Heng Ban, Ph.D.
Department: Mechanical and Aerospace Engineering
Following the Fukushima Daiichi events in 2011 there has been considerable interest
in the U.S. to develop new nuclear fuel with enhanced accident tolerance. Throughout the
development of these new fuel concepts they will be extensively modeled using specialized
computer codes and experimentally tested using separate effect tests and eventually integral
reactor tests for a variety of different postulated accident scenarios. One accident scenario of
interest, reactivity-initiated accident, is a nuclear reactor event involving a sudden increase
in fission rate that causes a rapid increase in reactor power and temperature of the fuel
which can lead to the failure of the fuel rods and a release of radioactive material.
The focus of this dissertation will be on fuel performance modeling of reactivityinitiated accidents using the BISON fuel performance code being developed at Idaho National Laboratory. The overall goal of this work is to provide the best possible fuel performance modeling assessment of nuclear fuel for future integral reactor tests. Accurate
predictive capability testing using BISON, or any other code, is important for safe operation of the tests and provides a cheaper alternative to the expensive experiments.
The goal for this work will be accomplished through three tasks. First benchmarking
BISON to support initial validation efforts of BISON for reactivity-initiated accidents will
be performed by comparing the BISON results to the experimental results and benchmark

iv
data from a number of historical reactivity-initiated accident experiments. The second
task involves developing the necessary tools to couple BISON with a dedicated thermalhydraulic code, RELAP5, for more accurate predictions for the in-reactor tests. The final
task is the uncertainty quantification to better understand the uncertainties involved as
well as a sensitivity analysis to determine which parameters influence the uncertainty the
most. These three tasks will provide the necessary information to ensure BISON is capable
of accurately assessing the fuel performance capability for integral reactor tests.
This work shows that BISON is capable of modeling reactivity-initiated accidents and
performs adequately in predicting both the thermal and mechanical results of interest.
BISON, along with the other tools developed and used will provide accurate predictive
capabilities to future experimental tests and provides guidance on the level of uncertainty
during these experiments. All this will allow safe operation of future tests and the necessary
tools to ensure that the correct conditions are achieved during the experiments.
(183 pages)
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PUBLIC ABSTRACT
Fuel Performance Modeling of Reactivity-Initiated Accidents Using the BISON Code
Charles Pearson Folsom
The Fukushima Daiichi nuclear accidents in 2011 sparked considerable interest in the
U.S. to develop new nuclear fuel with enhanced accident tolerance. Throughout the development of these new fuel concepts they will be extensively modeled using specialized
computer codes and experimentally tested for a variety of different postulated accident scenarios. One accident scenario of interest, reactivity-initiated accident, is a nuclear reactor
event involving a sudden increase in fission rate that causes a rapid increase in reactor
power and temperature of the fuel which can lead to the failure of the fuel rods and a
release of radioactive material. The focus of this work will be on the fuel performance
modeling of reactivity-initiated accidents using the BISON code being developed at Idaho
National Laboratory. The overall goal of this work is to provide the best possible modeling
predictions for future experimental tests. Accurate predictive capability modeling using
BISON is important for safe operation of these tests and provides a cheaper alternative to
the expensive experiments.
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CHAPTER 1
INTRODUCTION

1.1

Accident Tolerant Fuel
In the wake of the Fukushima Daiichi events in 2011 the U.S. Department of Energy

(DOE) has refocused their efforts from enhanced performance of nuclear fuel to enhanced
accident tolerance of the fuel. Accident Tolerant Fuel (ATF) concepts are described as
fuel designs that can tolerate loss of active cooling in the core for longer time periods
while maintaining/improving the fuel performance during normal operation, operational
transients, design-basis accidents (DBA), and beyond design-basis accidents (BDBA) in
comparison with standard UO2 -Zircaloy designs [1].
The program maintains a goal to insert a Lead Test Assembly of a new design into a
commercial power reactor by 2022. To achieve this goal, the program will require experimental capabilities to evaluate the fuel performance over the full range of normal and accident
conditions. Steady-state performance experiments test the fuel behavior during normal reactor operating conditions and are typically performed over long time periods to examine
the fuel behavior at high burnup. These steady-state conditions can be simulated using the
Idaho National Laboratory’s (INL) Advanced Test Reactor (ATR) and the post irradiation
examination (PIE) can be performed at the Hot Fuel Examination Facility (HFEF) at INL.
Transient testing encompasses a large range of conditions from mild operational transients
to severe accident conditions. The transient testing is necessary to define how ATF concepts respond to off-normal conditions that could happen in the reactor. Transient testing
requires special purpose test facilities designed specifically to simulate accidents such as a
Loss of Coolant Accident (LOCA) or a Reactivity-Initiated Accident (RIA).

1.2

Transient Testing Capabilities
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The Transient Reactor Test (TREAT) facility is one of the first reactor facilities built
for the purpose of transient testing of nuclear systems. TREAT was constructed in the
late 1950s and first operated in 1959 and has performed thousands of transient irradiations
for a diverse set of experiment programs [2]. In 1994 TREAT was placed in operational
standby due to reductions in domestic programs, and while there have been several transient
test reactors at INL, such as the Special Power Excursion Reactor Test (SPERT) program,
Loss of Flow Test (LOFT) facilities, and the Power Burst Facility (PBF), only TREAT has
endured to the present day without being decommissioned. In response to the DOEs ATF
program, a project is underway to restart TREAT for operation again.

1.3

Reactivity-Initiated Accidents
The initial ATF testing in TREAT will focus on reactivity-initiated accident events,

also referred to as reactivity insertion accidents. A RIA is a nuclear reactor event involving
a sudden increase in fission rate. This event causes a rapid increase of reactor power
and temperature of the fuel, which may lead to failure of the fuel rods and release of
radioactive material into the coolant. In severe cases, large amounts of fuel may disperse
into the coolant potentially resulting in rapid steam generation and pressure pulses that
could damage nearby fuel assemblies and possibly the reactor pressure vessel [3].
In a Pressurized Water Reactor (PWR), a RIA event could be caused by the mechanical
failure of a control rod mechanism housing. The high coolant pressures inside the reactor
ejects a control rod out of the core, thus resulting in a rapid positive reactivity addition.
The control rod ejection and addition of reactivity occur within about 100-ms, in the worst
case [3].

1.4

BISON
Fuel performance codes capable of accident modeling have been developed for a signif-

icant period of time and they have shown an ability to reproduce experimental results with
some degree of adequacy [4]. One of these codes, BISON, has recently been used extensively
for RIA applications in this work [5–8]. BISON is a nuclear fuel performance code that has
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been under the development at INL since 2009. BISON is a parallel, finite element-based
tool that solves the coupled nonlinear partial differential equations associated with nuclear
fuel behavior [9].

1.5

Motivation
The motivation for this work is to develop the capabilities for predictive modeling of

future tests in TREAT. This will provide an initial understanding of the thermo-mechanical
response of fuel rods under RIA conditions in TREAT. The modeling with BISON provides
insight into the expected thermo-mechanical phenomena of the fuel rodlet during the RIA
simulation. This information provides useful guidance to ensure correct test conditions and
expected outcomes are met.
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CHAPTER 2
LITERATURE REVIEW
A brief introduction of the main components related to this work were discussed in
the previous chapter. To achieve the goals of this work, a more detailed understanding
of these topics and the current standing of related work is necessary. This chapter will
discuss in detail the reactivity-initiated accident including the causes of such accidents,
the implications on fuel/reactor integrity, and the historical experimental programs. Next
the Transient Reactor Test Facility will be discussed including its history related to RIA
testing, the reactor design and operational limits, and the experimental vehicles used for
testing. Finally an overview of fuel performance modeling and the development of the fuel
performance code BISON and its applications to RIA modeling.

2.1

Reactivity-Initiated Accidents
As stated previously, a reactivity-initiated accident (RIA) is a nuclear accident involv-

ing an unwanted increase in fuel fission rate and thus reactor power. This may lead to fuel
rod failure and release of radioactive material into the coolant, and in severe cases release
large amounts of fuel into the coolant which may results in what is termed as a non-coolable
geometry. RIAs were identified by regulatory bodies as design basis accidents, which means
they were classified as accidents that a reactor must be designed and built to withstand.

2.1.1

Reactor Kinetics

In order to understand the potential causes for a RIA a few terms regarding reactor
kinetics must be defined. Reactivity is a quantity expressing the departure of a nuclear
reactor from criticality, meaning from a state where the number of released neutrons during
a fission is balanced by the neutrons being absorbed or escaping the reactor core [10]. Static
reactivity, ρ, is the fractional departure from core criticality,
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ρ=

k−1
k

(2.1)

where k is the effective neutron multiplication factor (i.e. the ratio of neutron production
to neutron absorption and leakage). A positive reactivity results in a power increase (move
towards supercriticality) and a negative reactivity results in a power decrease (subcriticality). Under normal operating conditions the reactivity can be controlled by the movement
of control rods or the change of soluble neutron absorbers in the moderator/coolant. Reactivity can also be affected by the change in fuel and moderator temperature and changes
in the void content of the moderator (steam generation). Considering these conditions the
reactivity rate of change can be written as

ρ̇ = ρ̇CS +

∂ρ
∂ρ
∂ρ
Ṫf +
Ṫm +
α̇m
∂Tf
∂Tm
∂αm

(2.2)

where ρ̇CS is the reactivity rate of change from the control systems, Ṫf and Ṫm are the
rates of temperature change for fuel and moderator, and α̇m is the rate of change for the
moderator vapor phase volume fraction (void generation) [10, 11].
Details of the cause of reactivity increase for the terms in Equation 2.2 is wide and
varies from different types of reactors. Only details concerning Pressurized Water Reactors
(PWR) and Boiling Water Reactors (BWR) will be discussed here.

Control System Failures
PWRs and BWRs use control elements (rods or blades) for reactor shutdown and may
use them for power control under normal operations. The DBA in PWRs is the rod ejection
accident (REA). This is caused by mechanical failure of the control rod mechanism resulting
in the rod being ejected from the core due to the high coolant pressure inside (15.5 MPa).
The consequence of a REA is a rapid positive reactivity addition (term ρ̇CS in Equation 2.2)
to the local fuel assemblies. The rod ejection and increase in reactivity occur within about
0.1 s [12]. During normal full power operation the amount of reactivity increase is limited
because typically only one bank (group) of control rods is inserted into the core. The
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reactivity changes during normal operation are controlled by soluble boron concentration
in the coolant rather than control rod movements. During lower power operations more
control rods are inserted into the core, so with respect to reactivity addition the most severe
REA would occur during hot zero power (HZP) conditions (coolant at normal operating
temperature and pressure but with nearly zero reactor power) [12].
The BDA for BWRs is the rod drop accident (RDA). This could occur if a control
blade is separated from the drive mechanism when the blade is fully inserted into the core.
The blade remains stuck until is suddenly becomes loose and drops out of the core due to
gravity. The RDA are much slower than the REA because the coolant pressure does not
influence the rate at which the rod falls. The most severe case for a RDA is during cold
zero power conditions (CZP) where the coolant is strongly subcooled and near zero reactor
power.

Fuel Temperature Coefficient
The fuel temperature (Doppler) coefficient (∂ρ/∂Tf ) is always negative. This means
that any fuel temperature increase from a rise in reactivity always provides a negative
feedback to the benefit of reactor stability. The fuel temperature feedback is typically the
main mechanism to reduce the reactivity increase before the reactor trip system is activated.

Moderator Temperature and Void Coefficients
The moderator temperature coefficient (∂ρ/∂Tm ) and void coefficient (∂ρ/∂αm ) can
have both positive and negative signs depending on the reactor type. For PWRs and BWRs
these coefficients are both negative with some rare exceptions. These terms are typically
much slower than the fuel temperature feedback due to the delay in heat transfer from the
fuel into the coolant.

2.1.2

RIA Power Pulse

Rod ejection accidents and rod drop accidents are typically of most concern for RIA
scenarios because they result in fast and substantial power increases in the fuel elements
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localized near the failed control rod. The characteristics of the power pulse depend on many
factors including the reactivity worth of the ejected rod, the core and fuel design, reactor
operating state, and the time in the fuel cycle [13].
If the reactivity increase due to a REA or RDA is larger than the fraction of delayed
neutrons the reactor becomes prompt critical. This means the reactor is critical on prompt
neutrons alone and the power will rise rapidly until the negative temperature feedback of
the fuel terminates the power rise, typically within a few hundredths of a second [10].
Figure 2.1 shows the relationship between a few terms that are typically referred to
when discussing RIA scenarios. The power pulse is typically a Gaussian-like shape depicting
the rapid increase in reactor power and subsequent reactivity decrease due to temperature
feedback mechanisms. The pulse typically contains a tail due to delayed neutron, but the
effect of this tail is usually negligible [14] and is typically ignored. The energy deposited
(energy injected) is the integral of the power pulse and represents the total amount of
energy that was deposited into the fuel during the pulse. The energy deposited is usually
reported in J/gUO2 or cal/gUO2 . The RIA pulse is typically defined in terms of the
total energy deposited and the pulse width defined as the full-width-at-half-max (FWHM).
Another important term is the fuel radial average enthalpy (RAE). The maximum fuel
RAE is typically used by regulatory bodies as a measure of whether or not the fuel rod
failed during a RIA. The RAE is a calculated term representing the volume average of the
enthalpy increase in the fuel, which is related to a volume average of the fuel temperature.
The RAE is typically referenced from a specified condition such as CZP or HZP.
Since the REA and RDA are design basis accidents they have been rigorously analyzed
by computer codes and models to predict the typical pulse width and typical enthalpy
increases. A summary of these are shown in Table 2.1.

2.1.3

Historical RIA Cases

There have only been a few RIA type accidents which occurred in the early days of
research reactors [25]. These include: 1952 NRX reactor at Chalk River, Canada [26], the
1961 SL-1 accident in Idaho Falls, USA [27], and the most widely known and worst RIA
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Fig. 2.1: RIA power pulse showing the relationship between power, energy deposition, and
radial average enthalpy
Table 2.1: Estimated pulse widths and maxima of fuel radial average enthalpy for postulated
PWR and BWR RIA scenarios
FWHM Pulse
Max Fuel
Max. Fuel Enthalpy
References
width (ms)
Enthalpy (J/gUO2 ) Increase (J/gUO2 )
PWR
Hot Zero Power
Hot Full Power
BWR
Cold Zero Power
Hot Zero Power

25-65
400-4500

140-320
230-350

80-250
10-130

[12, 15–18]
[15, 16, 19–21]

45-75
45-140

140-460
160-400

130-450
90-320

[15, 16, 22, 23]
[15, 23, 24]

type accident at the Chernobyl nuclear reactor in Ukraine on April 26, 1986 [28]. Chernobyl
was a light water graphite moderated pressure tube design (RBMK) which lacks many of
the inherent feedback mechanisms to protect against RIA type incidents that are found
in PWR and BRW designs. The Chernobyl tests also occurred under a reactor test when
normal operating guidelines were ignored and safety systems made ineffective.
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2.1.4

Failure Mechanisms

The main safety concern during a RIA is the loss of coolable geometry (meaning the loss
of long-term core coolability) and possible damage to the reactor pressure vessel. During a
severe incident, such as this, it is expected that fuel failure will occur. Fuel failure occurs
when the cladding integrity is compromised, but this in itself is not considered a safety
concern since this does not necessarily result in a loss of coolable geometry. Typically RIA
experiments and modeling has focused on fuel rod failure because it is a prerequisite for a
loss of coolable geometry [3].

Fuel Failure Factors
There are a lot of factors that affect the fuel rod behavior during RIA scenarios. The
following are some that have been found from RIA experiments in power pulse test reactors:
• Amplitude and pulse width of the power pulse
• Temperature, pressure, and flow rate of reactor coolant
• Features of the fuel rod burnup
Fuel-to-clad gap
Cladding waterside corrosion
Plenum gas pressure
Distribution of fission gasses in the fuel
• Fuel rod design such as initial fuel-to-clad gap, plenum pressure, cladding thickness
and fuel pellet composition

Fuel Failure Modes
All of these factors have an impact on the type of damage inflicted upon the fuel during
the power pulse. How all of these factors may impact the type of damage and failure is
detailed schematically in Figure 2.2.
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Fig. 2.2: Schematic of mechanisms for fuel and cladding damage during a RIA. Modified
from [29]
The events are typically separated into early phase or late phase failure and post-failure
events. All events originate from the prompt increase in fuel temperature (characteristic of
nearly adiabatic heating) causing rapid thermal expansion of the fuel. Higher burnup fuel
with an inventory of gaseous fission products retained in the fuel will contribute to the solid
thermal expansion swelling due to expansion of the fission gas in the fuel. In cases with
narrow or closed fuel-to-clad gap, typical for high burnup fuel, the pellet clad mechanical
interaction (PCMI) will cause rapid biaxial loading of the cladding. During the early stage
when the cladding temperature is still relatively cool will result in brittle failure of the
cladding [30]. This early phase or low-temperature failure mode is typically observed with
high burnup fuel rods.
During later stages of the transient, time has allowed for heat to transfer from the
fuel to the cladding and may elevate the cladding temperatures that a boiling crisis occurs.
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Experimental tests have shown that the cladding may remain at these elevated temperatures for approximately 15 seconds [3] until rewetting occurs. During this time, the elevated
cladding temperature may lead to clad ballooning and creep rupture if there exists a significant pressure difference between the fuel rod plenum and the coolant. This can occur if
a significant amount of the accumulated fission gas products in the fuel is released to the
plenum increasing the internal fuel rod pressure. Another type of failure can occur during
the late phase of the transient due to thermal shock on the cladding during the rewetting
of the reactor coolant onto the cladding surface. The oxidation rate of the cladding can
increase significantly during the film-boiling phase and embrittle the cladding, making it
susceptible to failure from the large thermal stresses during the rewetting or quench of the
rod.
If the energy deposition into the fuel is very high it can result in melting of the cladding
and possibly fuel. Melting can lead to cladding failure and thermal interaction between the
coolant and molten material resulting in violent pressure pulses in the coolant [3]. Even in
cases where cladding or fuel does not melt, the rapid expansion of fission gasses trapped in
the fuel can cause grain boundary separation and fine fuel fragmentation. These fine fuel
fragments can be released if the cladding fails and result in fuel coolant interaction similar
to the molten material interaction.
These mechanism have been summarized into four possible failure modes [3, 31]:
• Low temperature failures by PCMI (typically from high burnup fuel)
• High temperature failure by clad ballooning and burst
• Failure due to cladding embrittlement from high temperature oxidation during filmboiling and subsequent thermal shock during rewetting
• High temperature failure by melting of cladding and possibly fuel

2.1.5

Historical Experimental Programs
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The current understanding of reactivity-initiated accidents is based on results of integral RIA simulation tests performed in dedicated test reactors on short instrumented rods,
and separate effect tests. To date, more than a thousand pulse irradiation tests for RIA
type events have been carryout out on un-irradiated (fresh) fuel, and about 140 tests have
been done on pre-irradiated samples. The fresh fuel tests were performed in reactors in the
USA, Japan, Russia, Kazakhstan and Romania mainly between the 1960s-1980s. Reviews
of RIA simulation tests on the fresh fuel are available in literature [32–36]. The tests done
on fresh fuel can be largely divided into two groups:
• Tests done to establish thresholds for interests such as peak fuel enthalpy, cladding
failure, fuel dispersal and melting. These tests were aimed at establishing acceptance
criteria for RIAs in power reactors.
• Parametric studies to improve understanding of fuel behavior and mechanisms for
failure. This provided valuable data for verification and calibration of computer codes.
As mentioned previously about 140 tests have been performed on pre-irradiated fuel
rods. The tests performed on pre-irradiated LWR fuel rods were performed in the following
reactors with typical test conditions summarized in Table 2.2:
• Special Power Excursion Reactor-Capsule Driver Core (SPERT-CDC) in Scoville, ID,
USA. Tests were performed on 10 BWR fuel rods between 1969 and 1970 [33, 37].
• Power Burst Facility (PBF) in Scoville, ID, USA. 17 PWR fuel rods were tested
between 1978 and 1980 [33, 38].
• Pulse Graphite Reactor (IGR) in Kurchatov, Kazakhstan. 13 tests performed on
Russian type pressurized water reactor (VVER) between 1990 and 1992 [39].
• Fast Pulse Graphite Reactor (BIGR) in Sarov, Russia. 12 tests performed on VVER
fuel between 1997 and 2000 [40].
• Nuclear Safety Research Reactor (NSRR) in Tokai, Japan. 58 total tests consisting of
32 PWR, 17 BWR, and 9 mixed oxide (MOX) have been carried out since 1975 [3].

13
• CABRI in Cadarache, France. 14 tests on 10 PWR and 4 MOX were performed
between 1993 and 2002 in the sodium coolant loop. The reactor has been reconfigured
for a water coolant loop and tests are planned to start in the near future [41–44].

Table 2.2: Overview of pulse reactor test conditions for pre-irradiated LWR fuel rods [3]
Coolant Type
Coolant Temperature [K]
Coolant Pressure [MPa]
FWHM Pulse width [ms]

SPERT

PBF

IGR

BIGR

NSRR

CABRI

Stagnant
Water
293
0.1
13-31

Flowing
Water
538
6.45
11-16

Stagnant
Water
293
0.1
600-950

Stagnant
Water
293
0.1
2-3

Stagnant
Water
293
0.1
4-7

Flowing
Sodium
553
0.5
9-75

Observing the test conditions for many of the reactors in Table 2.2 only PBF has
conditions similar to HZP in BWRs and none of the reactors represent the conditions for
PWRs at HZP (approximately 570 K, 15.5 MPa and flowing water). Additionally, the
pulses widths compared to representative pulses for PWRs (25-65 ms) and BRWs (45-75
ms) as shown in Table 2.1 are too narrow. These non-prototypic conditions make it difficult
to correlate the results for these tests to LWR RIA scenarios.

2.1.6

Regulator Acceptance Criteria

Acceptance criteria defined by the regulatory authorities for reactivity-initiated accidents are specified to ensure core coolability and integrity of the reactor vessel in the event
of a reactivity-initiated accident [3]. The acceptance criteria vary by country and reactor
type, all with the general goal of avoiding damage to the reactor vessel and keeping damage to the fuel at manageable levels. The level of damage to the fuel is controlled by the
regulatory limits on radiation dose to the public.
The acceptance criteria is defined from the results of the RIA experimental tests described in the previous section. The criteria is defined in terms on the limit of the maximum
fuel RAE or the increase in this property (Figure 2.1) during the RIA. Typically two limits
are defined by the regulatory limits, a maximum limit that must not be exceeded at any
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axial location in any fuel rod in the core (core coolability limit) and a lower limit that
defines whether a fuel rod is considered failed or not in terms of cladding rupture resulting
in radioactive release [3].
A detailed review of national acceptance criteria for RIAs for BWRs and PWRs can be
found in [45]. As defined in 1974, the US Nuclear Regulatory Commission (USNRC) stated
that reactivity excursions cannot result in radial average fuel enthalpy greater than 1172
J/gUO2 (280 cal/gUO2 ) at any axial location in any fuel rod [46]. In 1993 and 1994 two
high burnup tests in CABRI and NSRR resulted in failed rods at very low fuel enthalpies
far below the acceptance criteria resulting in extensive reevaluations of current regulatory
limits at high burnup. One such proposed revision on the acceptance criteria for PWR RIA
events proposes a burnup-dependent limit on the peak fuel RAE. These limits are depicted
in Figure 2.3 [14].

Fig. 2.3: Proposed revision for regulatory acceptance criteria for PWR RIA events

Revisions in the US have been underway since 2007 [47, 48] and recently at the end of
2016 the USNRC has released a Draft Regulatory Guide DG-1327 proposing considerable
changes to the current limits. The proposed guide places limits on the allowed peak fuel
RAE dependent on cladding pressure differential and excess cladding hydrogen [49].
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2.1.7

Implications on Future ATF Concepts

As can be seen from the previous sections the process for defining regulatory acceptance
criteria for the current LWR fuel concepts has been a long process (1960s to present).
These new and historical criteria may not be applicable to the new ATF concepts currently
in discussion. As such, further investment in ATF concepts for the future will require a
combination of in-pile experiments, separate effects testing, and best estimate computer
analysis to provide proper acceptance criteria for safe operation of these fuel design.

2.2

Transient Reactor Test Facility
The preceding sections provided an overview of historical testing experiments and the

test reactors associated with those programs. Not mentioned as part of that review was the
Transient Reactor Test Facility (TREAT). Since TREAT is integral to this work a more
detailed review is warranted.
TREAT is located at the INL and is an air-cooled reactor with the driver core made of
urania dispersed in graphite blocks ( 1:10000 235 U/C atom ratio) and enclosed in zirconium
alloy cans. Since the TREAT core is air-cooled it greatly simplifies the configuration of the
auxiliary facilities that must penetrate into the core such as the fast-neutron hodoscope,
neutron radiography facility and line-of-sight into the core for a specimen video system [50].
The reactor is depicted in Figure 2.4 with many of its experimental facilities labeled.
TREAT first became operational in February 1959 and operated for 35 years until
April 1994 when it was placed in operational standby due to reductions in domestic funds.
During its lifetime, TREAT generated over 720 MWh of energy in 6604 startups and 2884
transient irradiations [51]. Through its lifetime the fuel has achieved approximately 0.7%
burnup allowing sufficient fissile material remaining for ∼40 more years of operation [52].
The large graphite thermal mass provides the primary heat sink with a prominent
negative reactivity temperature feedback which naturally terminates the transient pulse.
This self-limiting characteristic makes the reactor inherently safe and easy to operate. The
fuel assemblies measure 10 cm by 10 cm square cross section with 1.2 m of active core
length. The fuel assemblies are arranged in a 19x19 square-pitch grid. Hydraulically-driven
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transient rods can provide prompt reactivity step insertions. These rods can be used to
provide a number of different transient pulse shapes [52].

Fig. 2.4: Schematic of the TREAT reactor with an overview of its features labeled [51]

TREAT is capable of depositing more than 2000 MJ of core energy in natural, temperature controlled feedback pulses that are less than one second in duration. During these
pulses the reactor power can be as high as 16 GW. Using shaped transients that last a
few seconds to several minutes, the core is capable of generating 2900 MJ of energy [53].
Transients are initiated by rapid removal of fast-acting hydraulically-driven transient rods
producing large reactivity step insertions that are quickly followed by the insertion of the
control rods that can produce clipped pulses capable of 1400 MJ of energy in pulses less
than 100-ms [54].
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The fast-acting transient rods and automatic reactor control system provide the flexibility for a number of possible shaped transients. TREAT is capable of simulating brief
steady-state operations, step insertions (RIA), power ramps, and post-SCRAM nuclear decay heat [55] as seen in Figure 2.5. The flexibility of TREAT from both ease of access to
the core and any number of possible transients makes it an excellent tool for testing the
transient behavior of ATF concepts.

Fig. 2.5: Example of possible TREAT operational modes [55]

2.2.1

Experimental Vehicles

The main purpose of TREAT is to provide the necessary neutron flux to the experiments, but TREAT has no capability to simulate the other boundary conditions (temperature, pressure, and coolant type) necessary for transient tests. Experimental vehicles placed
inside the TREAT core provide the missing boundary conditions. This allows TREAT to
support multiple test programs with very different operating conditions for each test. The
experimental vehicles replace one or multiple fuel assemblies at the center of the core.

Historical Vehicles
TREAT was initially constructed with the primary purpose of transient testing fuel
designs of Liquid Metal Fast Breeder Reactor (LMFBR) fuel for sodium cooled fast reactors.
Due to the flexibility of TREAT it has also been used for: graphite-based rocket fuels,
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advanced ceramic fuels for other transient test reactors, water cooled reactor designs, platetype test reactor fuels, and a variety of other fuel concepts [52].
A short review of historical test vehicle designs will follow to show the flexibility that
TREAT affords for transient test of fuel systems. For a more comprehensive review of these
vehicles refer to [52]. The first test were performed in opaque, dry capsules for testing
LMFBR fuel. 92 total experiments were performed on fresh or non-irradiated samples from
200ms to 25 s bursts [56].
Following the opaque capsule tests were transparent, dry capsules so the tests could
be visualized and time of failure determined. The original capsules were inserted through
the side of the core rather than the top which required special handling equipment. The
capsules were initially designed to test fresh fuel pins, but ultimately some pre-irradiated
pins were tested in the device. Although the original transparent capsule was designed for
LMFBR fuels it was also used for testing graphite based rocket fuel [57,58]. This capsule was
also used for LWR fuel specimens in water. During these tests the boiling and subsequent
failure of some of the specimens was observed [59].
A later M1 transparent device was designed decades after the original one that was
smaller and penetrated the reactor through the top so it was easier to install. One of these
designs utilized a quartz tube as a pressure vessel for a pressurized test [60].
TREAT utilized several static vessels to support a variety of experiments. The static
vessels were not much different from the dry opaque capsule except they were designed as
hermetic vessels that could withstand the pressure pulses from tests of fuel in water since
most of these tests concerned the interaction of fuel/clad material with water during the
transient. One device was built for transient testing of ceramic fuel rods being considered
for use in the Power Burst Facility (PBF). This device allowed for one and three rod
arrangements [61].
Flowing sodium loop vehicles were designed to test LMFBR fuel under flowing sodium
conditions. The R-series devices were not technically a recirculation system but instead
used a supply and discharge tanks [62]. The loop designs which found the most use in
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TREAT were the MK-Series vehicles. The designs were a package type [2] where all the
loop support systems were contained within the device itself and inserted into the core of
TREAT. The final evolution of the MK-Series was the Mark-III integral sodium loop that
was used for multi-pin (up to 7) tests of LMFBR fuel. The first Mark-III test in treat was
in 1980.
The Advanced TREAT Loop (ATL) was designed to be capable of testing 37 pin
clusters [63]. Even though much of the design and upgrades to TREAT for this design were
performed, the use of ATL was never achieved.
Multiple vehicles were designed for flowing steam loops in TREAT. The Fuel Rod
Failure (FRF) tests consisted of seven rod bundles of PWR type fuel rods which were
briefly pre-irradiated. A test was performed in TREAT as the Source Term Experiments
Program (STEP). This campaign used a loop-type device for LWR fuel testing. For these
tests slow transients ( 20min) were used instead of the high power pulses. This vehicle
housed four pre-irradiated rods that were 1 meter in length [64, 65].
The AN-1 vehicle was another vehicle designed for use in TREAT that was never
used [52]. The vehicle was designed to simulate a small break loss-of-coolant accident using
recirculating superheat steam.
TREAT never performed any transient tests with a flowing water loop, but a conceptual
design for such a loop was pursued. The design was never completed but was expected to
use three PWR or two BWR fuel rods [66].

Future Vehicles
In preparation for the expected restart of the TREAT reactor in 2018, current experiment design efforts for the ATF program are focused on the Static Environment Rodlet
Transient Test Apparatus (SERTTA) devices. The SERTTA devices are general purpose
experimental vehicles capable of providing inert gas, water (up to PWR conditions), steam,
and even molten sodium environments. The most mature of the SERTTA designs is the
Multi-SERTTA vehicle which allows four small rodlets ( 12 cm length) each within its own
hermetic boundary. This design will allow a high-throughput testing of ATF concepts.
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The Multi-SERTTA design is shown in Figure 2.6. The primary containment vehicle
is made from very strong nickel-based super-alloys to maximize space inside the vessel for
specimens and instrumentation while also minimizing through-wall thickness. This is important for minimizing neutron absorption though the vessel wall and maximizing the TREAT
core-to-specimen power coupling factor (PCF). A refractory crucible and melt catcher protect the vessel from extreme temperatures should molten fuel be ejected from the rodlet.
The Multi-SERTTA vehicle includes an expansion tank that enables the vessel pressure to
remain below supercritical water conditions when testing at PWR conditions [67].
Multi-SERTTA is limited in space available for instrumentation, but through careful design and engineering, a suite of instruments is included in the design. The current
specimen holder and instrument suite, intended for ATF rodlets in PWR conditions, include: several cladding thermocouples, capacitance-based boiling detector, micro-pocket
fission detectors, optical pyrometry, environment pressure transducers, and vessel-mounted
accelerometers. The suite of instruments is shown in Figure 2.7.
In addition to Multi-SERTTA, a companion vehicle termed Super-SERTTA is also
being designed to add more capabilities not capable in Multi-SERTTA. Super-SERTTA
will be a single-vessel design to give greater usable test space for additional instruments,
longer fuel rods, or possibly even bundles. The larger volume will also give greater energy
handling capabilities for possible more energetic pulse tests.
Similar to historical efforts to design a flowing water loop, new concepts are being considered for a TREAT Water Environment Recirculating Loop (TWERL) vehicle for future
testing of LWR fuel. The current concept for TWERL will retain the same functionality of
Super-SERTTA with the added enhancements for forced water convection [55].
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Fig. 2.6: Multi-SERTTA experiment vehicle
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Fig. 2.7: Multi-SERTTA instrument suite
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2.3

Predictive Fuel Performance Modeling
The process of modeling reactivity-initiated accidents involves simultaneous solving

of equations for neutron transport, heat transfer in the fuel rods (fuel and cladding) and
across the clad-to-coolant interface, coolant thermal-hydraulics, and the mechanics in the
fuel rod [3]. All of these equations are strongly coupled in many ways across both space and
time inside a reactor. For example, Figure 2.8 shows the types of interactions associated
with heat transfer across the fuel-to-clad gap that must be accounted for by codes and
modelers [68]. This type of plot gets exponentially more complicated when accounting for
other physics such as neutron transport, species diffusion, and thermal-hydraulics. Normally
all these equations are too difficult to solve for a full core-wide analysis and simplifications
are typically made.

Fig. 2.8: Fuel pin interactions that influence the fuel-to-clad heat transfer [68]
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Generally these codes are only designed to solve one type of physics and are separated
into various classes including: lattice physics codes, core-wide neutron kinetics, thermalhydraulics, and fuel rod analysis. A good overview of common codes for these different
classes can be found in Appendix B of [3]. When necessary different classes of codes will
be coupled together for specific analyses. Since this work involves analysis of the fuel rods
a more detailed overview of fuel rod analysis codes will be provided.

2.3.1

Fuel Rod Analysis Codes

Detailed analyses of the thermo-mechanical behavior of the fuel rod experiments performed historically (as discussed in Section 2.1.5) on single fuel rods are needed to evaluate
the interpretation of the RIA tests. These evaluations are performed with fuel rod analysis
codes. Properties of interest from these analyses usually include fuel temperatures, the fuel
RAE, clad temperatures, clad deformation, fission gas release, and an assessment of failure.
Due to the fast nature of RIA events, fuel rod analysis codes must be designed specifically
to handle the rapid power and temperature changes. Only the codes capable for these types
of transients will be briefly introduced. More detailed descriptions of these codes can be
found in [3, 4, 69].

ALCYONE
ALCYONE is a multi-dimensional PWR fuel rod code developed at the Atomic Energy
Commission (CEA) in France. ALCYONE contains four modes of operation [70]: a 1.5D
description of the fuel rod (which means the fuel rod is represented by a stack of axial
elements loosely connected where the heat transfer and deformation in each segment are
solved by 1D radial equations), a 3D mode with one quarter of a pellet fragment and
associated cladding, a 2D(r,θ) mode, and a 3D multi-pellet fragment mode where part or
the complete fuel rod can be simulated. In recent years the capabilities in ALCYONE have
been extended to accident conditions such as RIA [71] and LOCA [72].

FALCON
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FALCON is an LWR fuel rod code developed under the guidance of the Electric Power
Research Institute (EPRI) in the U.S. FALCON is applicable to a wide range of fuel operating conditions from steady-state operation to severe transients [73]. The code uses a
two-dimensional finite element method to solve the coupled equations. The fuel rod can be
modeled in either axisymmetric (2D-RZ) or plane strain (2D-rθ).

FEMAXI/TRACE
FEMAXI/TRACE is a coupled code used to predict LWR fuel rod behavior under
RIA conditions. FEMAXI is used for normal operation and anticipated transients [74, 75]
and the coupling to TRACE provides improved thermal-hydraulic calculations for the RIA.
FEMAXI is developed under the Japan Atomic Energy Agency (JAEA).

FRAPTRAN
FRAPTRAN was developed for analyzing the thermo-mechanical behavior of LWR
fuel rods under transients and accidents [76]. The code was developed for the US NRC
and maintained by the Pacific Northwest National Laboratory (PNNL). FRAPTRAN is
closely linked with FRAPCON-3 which is the fuel performance code for analyzing steadystate conditions [77]. The code uses an axisymmetric representation of the fuel rod in
one-dimension with the governing equations solved in the radial direction in a number of
disjointed axial segments, making it a 1.5D code.

RANNS
RANNS is a code used for analyzing the thermos-mechanical behavior of LWR fuel rods
under transients and accidents [78]. The code has been developed by JAEA, particularly
for RIA tests in NSRR. The codes basic structure is similar to that of FEMAXI, with many
of the initial conditions for a transient analysis generated using FEMAXI. The code is 1.5D,
similar to FRAPTRAN.

RAPTA
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RAPTA is the Russian abbreviation of Computational Analysis of Fuel Rod Behavior
in Accidents. The code is designed as a standalone code for thermo-mechanical and corrosion
behavior of LWR VVER type fuel used by the Russian Federation [79].

SCANAIR
SCANAIR was developed by the French Institut de Protection et de Sûreté Nucléaire
(IRSN) in parallel with the CABRI REP Na test program. SCANAIR is specifically designed
for RIA analysis. The code uses an axisymmetric representation of the fuel rod and is 1.5D
in makeup. SCANAIR is composed of three modules that deal with thermal dynamics
(including thermal-hydraulics in the coolant channel), mechanics, and gas behavior [80].

TESPA-ROD
TESPA-ROD has been developed to predict fuel rod behavior under normal operation,
various accident conditions, and long-term storage [81]. The code is developed by the Global
Research for Safety (GRS) in Germany. The code represents the fuel rod in 1.5D resolution.

TRANSURANUS
TRANSURANUS is for the thermal and mechanical analysis of fuel rods in nuclear
reactors. The code is owned by the Joint Research Centre of the European Commission
and is used by research centers, nuclear safety authorities, universities, and industry. The
code is intended for use under normal operations as well as transients of LWR fuels [82, 83].
The code is 1.5D, but is very flexible in the discretization of the fuel and cladding.
The previous code descriptions are not exhaustive or intended to provide any detail into
the individual code capabilities, but more to give a broad understanding of the large international work put into developing codes capable of analyzing transients such as reactivityinitiated accidents.

2.3.2

Fuel Rod RIA Benchmarks
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Due to the highly complex nature of accident modeling many different models and
assumptions have been adopted by the various code developers. This is due in part to the
limited availability of results from each respective experimental program. As a result, this
has led to differences between the various fuel performance codes. This has shown to be
especially the case for RIA modeling.
In September 2009 the Organisation for Economic Co-operation and Development
(OECD)/Nuclear Energy Agency (NEA)/Committee on the Safety of Nuclear Installations
(CSNI) organized a technical workshop on Nuclear Fuel Behaviour during Reactivity Initiated Accidents. One conclusion from a session in the workshop devoted to RIA safety
criteria was that fuel rod performance codes are heavily used during the processes of assessing revised safety criteria for the RIA design basis accident. Therefore, as a conclusion
of the workshop it was recommended that a benchmark [4] between fuel performance codes
used for assessing RIAs be organized by the Working Group on Fuel Safety (WGFS).
For the phase I benchmark it was decided to use a set of four experiments on similar
highly irradiated fuel rods tested under different conditions. Two of the experiments were
from CABRI experiments and two from NSRR experiments. The results from the RIA
benchmark Phase I [4] showed a large variation in many of the thermal and mechanical
behaviors. Results taken from the benchmark report [4] for clad temperature predictions
for one of the cases is shown in Figure 2.9. Large differences between the codes, and in some
cases the same code used by different organizations, shows the complexity and uncertainty
involved in RIA modeling. In cases with water boiling, there was considerable scatter in
cladding temperatures and cladding hoop strain calculations varied by a factor of 10.
As a conclusion from this benchmark, it was recommended to launch a second phase
with the following guidelines [84]:
• The emphasis should be put on deeper understanding of the differences in modeling
of the different codes; in particular, looking for simpler cases than those used in the
first exercise was expected to reveal the main reasons for the observed large scatter
in some conditions such as coolant boiling.
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• Due to the large scatter between the calculations that was shown in the RIA benchmark Phase I, it appears that an assessment of the uncertainty of the results should
be performed for the different codes. This also entailed performing a sensitivity study
of results to input parameters to assess the impact of the initial state of the rod on
the final outcome of the power pulse.
The results from the second phase of the benchmark showed improvement in agreement
between the codes for many of the thermal and mechanical behaviors as compared to the first
phase. The codes still showed considerable differences in cladding temperature predictions
during instances with water boiling, especially the case for BWR conditions. Based on the
conclusions from phase one and two of the benchmark, the committee has proposed some
generic recommendations for RIA modeling:
• Fuel and clad thermo-mechanical models should be improved and validated against a
sound RIA experiment database
• A comprehensive database consisting of both separate effect tests and integral tests
should be built
• Clad-to-coolant heat transfer in the case of water boiling needs to be better understood
with separate effect tests and experiments if necessary
• Fuel-to-clad gap models relating to RIA conditions need to be improved and validated
as it has a significant effect on fuel rod response

2.3.3

BISON Fuel Performance Code

BISON is a nuclear fuel performance code that has been under development at the
Idaho National Laboratory since 2009. The code was not discussed in Section 2.3.1 since it
is a major component of this work and will be discussed in detail here. BISON is a parallel,
finite element-based tool that solves the coupled non-linear partial differential equations
associated with nuclear fuel behavior [9]. BISON is built using the Multiphysics ObjectOriented Simulation Environment, or MOOSE framework [85] also being developed at INL.
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Fig. 2.9: Clad temperature predictions from one of the cases in the OECD RIA codes
benchmark [4]
MOOSE is a massively parallel, finite element-based framework to solve systems of coupled
non-linear partial differential equations encountered in nuclear systems modeling. MOOSE
uses the Jacobian-Free Newton Krylov (JFNK) method [86], which allows modeling of large,
computationally expensive problems from a full stack of discrete pellets in a LWR fuel rod
up to every rod in a reactor core.
BISON is intended to be a multi-fuels code. Though it has primarily been applied to
LWR fuel to date, the code has been used to analyze TRISO-coated particle fuel [87] and
metal fuel in rod and plate form [88, 89]. BISON is used during design and interpretation
of fuel irradiation experiments and investigation of novel fuel concepts [90, 91]. The code
is applicable to both steady-state and transient fuel behavior and is used to analyze 1D
spherical, 2D axisymmetric (2D-RZ), 2D plane strain (2D-rθ), or 3D geometries.
BISON is capable of solving fully-coupled partial differential equations for energy,
species, and momentum conservation, or a subset of these. The code employs both non-
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linear kinematics, which accounts for large deformation, and nonlinear material behavior.
BISON uses implicit time integration, important for the widely varied time scales in nuclear
fuel simulations.

Relevant Models
This work focuses on conventional PWR fuel, namely UO2 -Zircaloy, so an overview
of the most common material properties and models will be discusses briefly. More detail
on specific material properties and models and their associated references can be found
in [92–94]. When considering mainly UO2 fuel, BISON includes temperature and burnup
dependent thermal properties, solid and gaseous swelling, densification, thermal and irradiation creep, relocation effects due to pellet cracking, and fission gas production and release
models. Considering only Zircaloy cladding materials, models are available to describe
temperature dependent thermal properties, thermal and irradiation creep, instantaneous
plasticity, irradiation growth, and corrosion.
Gap heat transfer is modeled using a total conductance across the fuel-to-cladding gap.
The total conductance is the sum of contributions from gas conductance, solid-solid contact,
and radiant heat transfer. This model is applied to the boundaries of the fuel and cladding
that may not necessarily be in mechanical contact to apply a path for heat transfer from the
fuel to the cladding or vise-versa. This model can also be used to simulate the heat transfer
between individual pellets, the pellets and the end caps, or between fracture surfaces.
Mechanical contact between the fuel and the cladding is implemented through the use
of node/face constraints. These constraints prevent nodes on one side of the interface from
penetrating faces on the other side of the interface. Frictionless, frictional, and glued models
are available in the mechanical contact model.
For LWR fuel, the pressure of gas in the fuel rod plenum (which includes the gas in
the fuel-to-cladding gap) is computed assuming a single cavity volume and the ideal gas
law. The moles of gas, temperature, and cavity volume may change with time influencing
the calculated plenum gas pressure. The moles of gas are computed based upon the initial
moles (computed from initial pressure, temperature, and volume) and any additional moles
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added to the plenum due to fission gas release from the fuel.
BISON includes a built-in single channel coolant model for thermal-hydraulic calculations. This model calculates the local heat transfer coefficient from the cladding wall to
the coolant and the thermal energy deposition into the coolant. As previously discussed
in Section 2.3.2, the clad-to-coolant heat transfer coefficient during fast transients, especially when departure from nucleate boiling is achieved, differs significantly from our current
understanding of boiling heat transfer [95, 96] and is a large uncertainty in RIA modeling.

Specific RIA Improvements
Many features have recently been implemented to improve RIA capability in BISON.
In FY16 a few key features/models were added for accident modeling that are particularly
relevant for RIA scenarios. A Zircaloy cladding plasticity model that is applicable for high
temperatures and strain rates was implemented based on correlations from either a PNNL
model [97] or EPRI model [98] that is based on a modified version of MATPRO [99]. A
new time step control to help improve the numerical solution in the presence of non-linear
material behavior (plasticity, creep) during accident situations was implemented [100]. A
time step criterion based on the strain rate of the material is specified and the criterion
limits the time step length to guarantee that the increment of inelastic strain during the
time step is kept under a pre-defined limit. More recently, improvements have been made
to the fission gas release (FGR) model that captures rapid FGR (burst release) during
transients from fuel micro-cracking [101, 102].
As has been discussed previously, one of the primary regulatory acceptance criteria
for a RIA event is the fuel radial average enthalpy. A postprocessor in BISON has been
written to calculate the RAE of the fuel at each time step. This property is calculated by
the following equation,
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where Hr is the radial average enthalpy, H(T ) is the temperature dependent fuel specific
enthalpy (J/kg), Ti and xi are the temperature and radial coordinate of the radial temperature profile in the fuel (typically taken at nodes in the mesh). The temperature is averaged
between two points (or nodes) to estimate the average temperature of the element for the
enthalpy calculation.
As long as the fuel is in a solid state, its specific enthalpy calculated from the fuel
temperature is
Z

Tf

H(Tf ) =

c(T )dT

(2.4)

T0

where Tf is the fuel temperature, T0 is a reference temperature where H(T0 ) = 0, and c is
the specific heat capacity of the solid fuel. There are a lot of correlations from experimental
tests for the fuel enthalpy. The Fink model [103] is a popular model for UO2 properties
where the enthalpy is referenced from 298.15K and is valid for 298.15 K ≤ T ≤ 3120 K.
The model is
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where the temperature is in K and the resulting enthalpy is in kJ/mol.
The fuel enthalpy model used for the RAE postprocessor in BISON is the MATPRO [99]
model where the enthalpy is defined in J/kg,
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where T is the temperature (K), Y is the oxygen-to-metal ratio defined as 2 for UO2 fuel,
R is the universal gas constant (8.3143 J · mol−1 · K −1 ), θ is the Einstein temperature
(535.285 K for UO2 ), ED is the activation energy for Frenkel defects (1.577e5 J · mol−1 for
UO2 ), and K1,2,3 are constants defined as 296.7 J · kg −1 · K −1 , 2.43e-2 J · kg −1 · K −2 , and
8.745e7 J · kg −1 , repectively. The constants for this equation were determined by Kerrisk
and Clifton [104].

BISON Verification and Validation
As stated in one of the suggestions following the OECD/NEA RIA fuel codes benchmark (Section 2.3.2), the codes need to be validated against a database of RIA integral tests
or separate effect tests. The process of validating a code need to be preceded by verification.
As stated by Hales et al [105], if a simulation is able to represent real-world behavior it
is said to be validated, but individual model verification is very important. Verification
involves showing that a submodel computes results consistent with the mathematical description. Each model in BISON is verified against a test case to ensure agreement with
the mathematical description it is based upon. Any additions to BISON must ensure that
all previous test cases do not fail.
Before a code can be trusted for nuclear fuel performance modeling it must be validated against in-pile and out-of-pile experiments. The validation process for BISON is an
ongoing process. Considerable work has been done to validate BISON against a database
of experiments. This work is documented in a live document as part of the source code
distribution [94] and an article by Williamson et al [106].

CHAPTER 3
OBJECTIVES
The overall goal of this work is to provide the best possible fuel performance modeling assessment of LWR fuel rods that will be tested in TREAT using currently available
tools. This work will provide a link between the three topics discussed in Chapter 2,
namely Reactivity-Initiated Accidents, TREAT facility and future experiments, and fuel
performance modeling using BISON. The objectives and how they play into the picture are
discussed below and in Figure 3.1.

Fig. 3.1: Relationship between RIAs, TREAT, and BISON and how this work ties these
topic together

Specific objectives for this work include:
1. Initial validation of the BISON Fuel Performance Code for Reactivity-Initiated Accident scenarios
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(a) A large component of this work involves supporting the initial efforts of validating
BISON for RIA transients by assessing the current capabilities of the code in
predicting measured results from RIA experiments and benchmarking BISON
against other fuel performance codes. Working with the code developers to report
on code weaknesses and providing suggestions for improvements. A number of
experimental cases have been selected for the initial validation work from CABRI.
The work to validate the code is a continuous effort that will extend beyond
the scope of this work, but future validation work will also include cases from
NSRR, SPERT, PBF, and future tests in TREAT will provide valuable data for
continued validation efforts.
(b) A subset of the validation work will include benchmarking against some of the
codes discussed in Section 2.3.1.
2. Assessment of the first test planned for RIA studies on LWR fuel in TREAT
(a) Develop capabilities with BISON to model the tests with prototypic thermalhydraulic conditions present in the Multi-SERTTA capsule.
3. Quantify the uncertainty of key phenomena during tests in TREAT
(a) Perform uncertainty quantification and sensitivity analysis to determine the most
influential parameters on the key phenomena of interest from the uncertainty
analysis

CHAPTER 4
RESEARCH PLAN
The path forward to complete this work will entail completing the objectives outlined
in the previous chapter. The following sections will delineate the process followed for each
of the objectives.

4.1

BISON Validation/Benchmarks for Reactivity-Initiated Accidents
The first task entails performing validation and benchmark work using BISON to ensure

the code is capable of predicting results that were measured during experiments. This begins
by selecting appropriate cases. Four cases were chosen from the CABRI REP program
that were sodium cooled during the tests. As previously discussed, the thermal-hydraulic
behavior during fast transients is considered a large uncertainty. The sodium tests in CABRI
will simplify the thermal-hydraulic conditions because no boiling conditions will occur with
sodium and focus the validating and benchmarking efforts on the thermo-mechanics.
A review of historical documents to gather accurate geometry and test conditions as
well as the measured results from the tests will be performed first. This will be followed
by creating BISON models and running the cases. The results will then be compared with
experimental results and conclusions from the test.

4.2

Initial Assessment of Baseline Test in TREAT
The initial tests in TREAT will be performed in the Multi-SERTTA vehicle containing

standard UO2 -Zircaloy fuel rods. BISON will be used as the main tool for predicting the
thermo-mechanical results from these tests. In order to provide the best initial assessment
possible, the thermal-hydraulic conditions present in the vehicle need to be matched with the
model. The coolant channel model in BISON has the capabilities for flowing conditions but
not the stagnant conditions in Multi-SERTTA. To accommodate these conditions, BISON
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will be coupled with RELAP5, a computer code developed specifically for LWR thermalhydraulic systems. This coupling will provide BISON with the proper thermal-hydraulic
boundary conditions for experiments in Multi-SERTTA.

4.3

Uncertainty and Sensitivity Analysis of RIA Experiments in TREAT
No computer model or instrument is perfect in its ability to predict or measure the

properties of interest. As such, it is important to understand the associated uncertainty
on various parameters of interest when analyzing the results from a model or experiment.
Additionally, it is valuable to understand the impacts that certain variables have on the
results. To accomplish this, an uncertainty and sensitivity analysis will be performed on a
typical RIA experiment in TREAT. BISON will be used with DAKOTA (Design Analysis
Kit for Optimization and Terascale Applications) to provide a Monte Carlo type analysis
by randomly varying 21 inputs from geometry, reactor operating conditions, and material
model uncertainty distributions. The impacts these input variations have on the calculated outputs of various parameters in BISON will provide an estimate of the uncertainty
associated with each output as well as the sensitivity to each input.

CHAPTER 5
APPROACH
This chapter will discuss the approach and techniques used to complete the tasks for
this work. The chapter will begin with a detailed discussion of the validation/benchmarking
work and cases selected. Next, the baseline assessment cases for TREAT and the coupling
method with RELAP5 will be discussed. Finally, the uncertainty and sensitivity analysis
will be discussed.

5.1

BISON Validation and Benchmarks
Over the past few decades the average fuel cycle lengths have been extended and

thus the average fuel burnups have increased. Experimental data from test reactors indicate that fuel performance during reactivity-initiated accidents (RIA) decreases with higher
burnups [107]. Therefore the ability to accurately predict the phenomena of interest during
these types of accidents will be necessary for safe operation of reactors with fuel at higher
burnup levels.
Before continuing it is prudent to provide a few definitions regarding validation. Typically verification and validation (V&V) are referred together and are used to assess the
accuracy and reliability of computational simulations. As discussed by Oberkampf and
Trucano [108], the terminology for V&V is not uniform across engineering disciplines so
one must be very clear when speaking and writing on the subject of validation. As defined
in [108], verification is the process of determining that a model implementation accurately
represents the developers conceptual description of the model and the solution to the model.
Verification provides evidence that the mathematical model is solved correctly by the computer code. Validation is the process of determining the degree to which a model is an
accurate representation of the real world for system responses of interest. The work of
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verification lays the foundation for validation and together they demonstrate that a computational software product is suitable for its intended use [105].
BISON has an extensive set of verification problems including fundamental finite element solid mechanics and heat transfer problems to problems specific to nuclear fuel material models [105]. These simple verification problems are designed to run very quickly
so that they can be run with every code change. This ensures that additions to the code
do not cause any errors to the existing code. The validation process for BISON is also
underway with comparison for 35 LWR rods comparing fuel centerline temperature, fission
gas release, and rod diameters before and after fuel-clad mechanical contact [106]. These
validation results showed that the fuel centerline temperature comparisons are very reasonable with deviations between predictions and experimental data within ±10%, fission gas
release predictions appear to be consistent with state-of-the-art modeling when considering
the uncertainties involved [109], and comparisons of rod diameters indicated a tendency to
over predict clad diameter reduction early in life and over predict the diameter increase late
in life [106]. The results from that validation work are being used to define priorities for
ongoing code development and validation efforts including accident behavior cases (LOCA
and RIA).
The work for this task will be termed validation since it loosely matches the Oberkampf
definition that validation is the process of determining the degree to which a model is an
accurate representation of the real world for system responses of interest [108], even though
much of this work is benchmarking BISON against the results from other fuel performance
codes. This validation process is not as comprehensive as recommended by Oberkampf, but
since the code is still in development the validation work for accidents is still in its early
phases. This work will provide an initial assessment to the code capabilities for RIAs to
assess the necessary code improvements or additional models necessary to accurately model
these types of transients.
In the following sections the cases chosen for validation/benchmarking will be introduced with details concerning geometry, irradiation history, and RIA pulse characteristics.
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Details concerning the BISON modeling will be discussed with details on meshing, materials, and models used for this work. As mentioned previously, a component of the validation
work will include benchmarks with other fuel performance codes such as the OECD sponsored international benchmark to compare multiple codes on simplified RIA cases. This
benchmark will be briefly introduced.

5.1.1

Test Case Overview

To date, more than a thousand pulse irradiation tests prototypic of RIA events have
been carried out on previously unirradiated (fresh) fuel. About 140 tests have been done
on pre-irradiated samples, but that data is limited beyond burnup levels of 40 GWd/tU
and is based on older fuel rod designs. Only a few tests have been performed on rods at
extended burnup and these have been performed at the CABRI facility in France and NSRR
in Japan. The purpose of these programs was to provide data for high burnup fuels that
can be used to develop safety criteria at extended burnup levels and to provide data to
validate analytical codes.
The RIA tests at the CABRI reactor facility began in 1992 by the IRSN in collaboration
with Electricit de France (EDF), Framatome, CEA, and with participation of the USNRC.
A total of twelve tests were performed within the CABRI REP sodium loop using preirradiated fuel rods having burnups ranging between 33 and 65 GWd/tU. Of the twelve,
eight contained UO2 fuel and four were MOX. The cladding for all tests was Zircaloy 4
except test 11 which was M5. Following the CABRI REP program, another series of tests
have been initiated under the CABRI International Program (CIP) to test high burnup fuel
with advanced cladding alloys.
The CABRI test reactor is a pool-type LWR designed with a central area that can
accept the insertion of a test device. The central area was originally designed to study fast
reactor transients and contains a sodium coolant loop. During the experiment, the test
rod is placed inside a test capsule which contains the in-pile instrumentation. Due to the
sodium coolant loop, the test capsule temperature and pressure are different from LWR
conditions, but the tests are considered appropriate to study the response of the rodlet up
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to the departure from nucleate boiling point. Under these conditions the effects of PCMI
can be tested.
The tests chosen for evaluation in this study include the CABRI REP Na-2, 3, 5, and
10 cases with UO2 fuel. Each will be discussed in detail in the following sections. Details of
the modeling options will then be discussed followed by a comparison of the results. For this
validation/benchmarking study a majority of the comparisons are against results from the
FALCON fuel performance code [110] (performed by EPRI) as access to the experimental
data is limited to members of the CABRI International Program. The FALCON results
used to benchmark against are from its own validation efforts.
An overview of the four REP Na tests chosen for the BISON simulations are shown in
Table 5.1 [41, 44, 111], including as-manufactured cladding and pellet geometry. A detailed
description of the rodlet history for each case will be discussed below. Details on the
case geometry and base irradiation conditions were taken from FRAPTRAN-1.5 Integral
Assessment [112]. During all the REP Na tests the sodium coolant is heated to 280◦ C at
the test capsule inlet and pressurized to 0.5 MPa. The sodium flows at a velocity of 4 m/s.

Test
(date)

Table 5.1: Overview of REP Na cases
REP Na-2 REP Na-3 REP Na-5
(6/94)
(10/94)
(5/95)

Fuel Type
Cladding Type
Initial enrichment (235 U/U %)
Internal gas pressure (MPa, 20◦ C)
Active length (mm)
Max. burnup (GWd/tU)
Corrosion thickness (µm)
Pulse width FWHM (ms)
Energy deposit (J/g) [cal/g]
Cladding OD (mm)
Cladding thickness (mm)
Pellet OD (mm)
Pellet height (mm)
Diametral fuel-cladding gap (µm)

17x17 UO2
Std Zy-4
6.85
0.101
1004.9
33
10
9.6
865 [207]
9.51
0.637
8.05
11.99
186

17x17 UO2
Std Zy-4
4.5
0.31
440.8
53.8
35-60
9.5
511 [122.2]
9.55
0.596
8.19
13.69
164

17x17 UO2
Std Zy-4
4.5
0.302
563.5
64
15-25
8.8
435 [104]
9.51
0.578
8.19
13.74
164

REP Na-10
(7/98)
17x17 UO2
Std Zy-4
4.5
0.301
559
63
60-100
31
453 [108.3]
9.51
0.575
8.19
14.25
164
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REP Na-2
All the test rods in the CABRI REP Na tests were short segments refabricated from
17x17 PWR-type fuel rods irradiated under nominal PWR conditions, except the Na 2 test.
REP Na-2 was a 1 m long rod base irradiated to 33 GWd/tU in the BR3 reactor. The fuel
rod had a uniform 10µm oxide thickness after the base irradiation. The test rod was not
refabricated prior to the power pulse except to replace the internal gas pressure to 0.101
MPa.
During the CABRI transient test the rodlet was pulsed with a Gaussian-type pulse
with a FWHM of 9.6 ms and a total energy deposited into the fuel of 865 J/gUO2 at 0.4
seconds after the beginning of the pulse.

REP Na-3
The REP Na-3 rodlet was obtained from a segmented FRAGEMA low-tin cladding
parent rod irradiated for 4-cycles in the Gravelines reactor to 50 GWd/tU. The 440.8
mm REP Na-3 section had a local burnup of 53.8 GWd/tU. The rodlet section had oxide
thickness ranging from 35-60µm over the length of the rod. The rod was refabricated from
the 5th span using the FABRICE procedure [107, 113] and backfilled with helium to 0.31
MPa.
The CABRI test characteristics are similar to REP Na-2. The pulse was Gaussian-type
with a FWHM pulse width of 9.5 ms depositing 511 J/gUO2 of energy into the fuel.

REP Na-5
The REP Na-5 rodlet was obtained from rod EDF1065 which was irradiated in Gravelines for 5 cycles to a rod average burnup of 62 GWd/tU. The test rod was refabricated
from a fuel segment removed from the 2nd-3rd spacer grid span. The rodlet fuel length was
563.5 mm and the oxide thickness varied between 15-25µm over the length of the rodlet.
The FABRICE method was used to refabricate the rod and refill the plenum to 0.302 MPa.
The local average burnup of the REP Na-5 sample was 64 GWd/tU.
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The rod was tested with a FWHM pulse width of 8.8 ms and depositing 435 J/gUO2
of energy into the fuel.

REP Na-10
The REP Na-10 rodlet was refabricated from a 5-cycle fuel rod in Gravelines. The local
burnup of the 559 mm segment was 63 GWd/tU. The rod was taken from the 5th span of
the parent rod and had approximately 60-100µm of oxide with some initial spalling of the
oxide. The rod was refabricated with an initial plenum gas pressure of 0.301 MPa.
The REP Na-10 pulse was a much broader pulse with a FWHM of 31 ms depositing
453 J/gUO2 of energy into the fuel. Of the four cases being simulated, REP Na-10 was the
only rod that experienced failure during the test. No evidence of fuel ejection was observed
and no gas bubbles were detected in the sodium channel indicating a tight crack with a
slow gas leak.

5.1.2

Model Description

Geometry and Mesh
The rod specifications and geometry in Table 5.1 and FRAPCON input files [112] were
used to define the geometry for the cases. The 4 cases were modeled using a two-dimensional,
axisymmetric (2D-RZ) mesh with quadratic elements. The fuel was represented with a
smeared mesh which means the individual fuel pellets with the dishing and chamfer were
not modeled. The mesh consists of 15 radial elements with 11 in the fuel and 4 in the
cladding. Four axial elements were used per pellet length. Element axial lengths in the
cladding were slightly longer, as required for the contact algorithm. The mesh for REP
Na-3, typical for the four rods considered, is shown in Figure 5.1 (scaled 15x in radial
direction).
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Fig. 5.1: Fuel rod mesh (scaled 15x in radial direction)
Base Irradiation Material and Behavior Models
Proper initial conditions prior to the RIA transient are very important to being able to
accurately predict and analyze the results from the transient correctly. A base irradiation
of the fuel was performed in BISON according to the reactor operating conditions specified
in FRAPCON input files [112]. The following material and model options were used for
the base irradiation for all cases (more detail and references for each model can be found
in [92, 93]):
• Frictionless contact model
• GapHeatTransferLWR thermal contact model with a fuel and cladding roughness of
2 and 0.5 microns, respectively

45
• CoolantChannel model for thermal hydraulic calculations with coolant pressure, temperature and mass flux specified in the respective FRAPCON input files
• ThermalFuel model with a specific heat model from Fink [103] and the thermal conductivity is defined using the NFIR model [114]
• Elastic fuel model with Youngs modulus and Poissons ratio from MATPRO [99]
• RelocationUO2 model to provide relocation strains with relocation activation threshold power set to 5 kW/m
• Sifgrs and VSwellingUO2 models for fission gas release and fuel gaseous swelling
• ThermalZry model for thermal conductivity and specific heat of Zircaloy
• MechZry model for mechanical deformation for Zircaloy-4. This model is used with
the CombinedCreepPlasticity as the constitutive model.
• CreepZryModel for thermal and irradiation creep and irradiation growth for Zircaloy-4
• ZryPlasticity model for instantaneous plasticity of Zircaly-4. This material model
provides cladding yield strength estimations and includes options for either a PNNL
model [97] or EPRI model [98] based on a modified version of MATPRO [99]. In this
work only the EPRI model was used.

RIA Material and Behavior Models
All the model and material options listed above were used during the RIA with the
following exceptions:
• CoolantChannel model was changed to sodium coolant with 0.5 MPa and 280C pressure and temperature conditions, and a velocity of 4 m/s
• RelocationUO2 model with the burnup relocation stop option used to specify the
average burnup during the base irradiation when contact was made between the fuel
and cladding. This prevents more relocation during the RIA.
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• Sifgrs fission gas release model with transient option = 1 used to activate the burst
release option for fast transients
• CreepZryModel was disabled during the RIA due to the small time scales

5.1.3

OECD RIA Fuel Codes Benchmark

The participation with the international RIA fuel codes benchmark (previously discussed in Section 2.3.2) provided a good initial understanding of the BISON capabilities and
comparison with other codes. The results from the benchmark will not be presented in this
paper because they can be found in detail in three comprehensive OECD reports [69,84,115].
A brief introduction into the specifications will be provided here for comparison to the more
complicated cases in Section 5.1.1.
Detailed benchmark specifications were prepared in order to prevent as much as possible
the variability between the applied model among the different institutions and codes. Ten
cases were defined with an increasing degree of complexity. The first case is focused mainly
on the thermal behavior, the second and third cases are focused on the thermo-mechanical
behavior, the fourth through ninth cases added thermal-hydraulic behavior. In the tenth
case the thermal and thermal-mechanical models and properties were imposed as close as
possible to those used in FRAPTRAN. It was recommended that each code use the standard
options for all models. Failure, fuel relocation and oxidation models must be disabled.
In order to limit the variability in initial states and properties of high burnup fuel, the
cases are limited to a fresh 17x17 PWR type fuel rod described in Figure 5.2. All cases
start from ambient conditions and ramp to HZP operating conditions during the first 50
seconds and stabilize at those conditions until 100 s, at which point the transient starts.
The simulation is concluded at 200 s.
The fuel is standard UO2 fuel pellets with a diameter of 8.26 mm and a height of 1
cm. No dishing or chamfer is considered in the model and the fuel is modeled as a solid
right cylinder. A total fissile column height of 10 cm is specified resulting in a 10 pellet
stack. The fuel has a theoretical density of 10970 kg/m3 with 4% porosity. The cladding is
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standard Zircaloy-4 material. The fuel rod is initialized with either a 50 µm gap or no gap
by modifying the clad inner radius. In nine of the cases the fuel and clad are considered
bonded (no slipping occurs) when the fuel is in contact with the cladding. One case allows
for perfect slipping between the fuel and the cladding when in contact. The plenum volume
is defined as 2 cm3 and is filled with helium at either a low value (20 bar) or a high value
(50 bar) at 20◦ C.
Depending on the case, the thermal-hydraulic conditions during the transient are:
• PWR Conditions: water coolant at HZP conditions of 280◦ C, 155 bar and V=4.0 m/s
• Boiling Water Reactor Conditions: water coolant at cold zero power conditions of
20◦ C, 1 bar and V=0.0 m/s
• Imposed Conditions: during the first 5 seconds of the transient (100-105 s) a bulk
coolant temperature of 300◦ C with an imposed coolant to clad heat transfer coefficient
h=4,000 W/m2 /K. During all remaining times the bulk coolant temperature is 280◦ C
and h=40,000 W/m2 /K.
• Fixed Conditions: imposed external clad temperature of 280◦ C and external pressure
of 155 bar
The power pulse will start from zero power at t=100s and is approximated with a
triangular shape. The pulse width will be 30-ms FWHM. Two power levels will be defined,
a low value to avoid departure from nucleate boiling (DNB) and a high value to make DNB
possible. For the PWR cases the low value will be 0.4 MW which for the 30-ms FWHM
triangular pulse will result in 212.6 J/gUO2 (50.82 cal/gUO2 ) of injected energy into the fuel
rod. The PWR high value will be 1.0 MW resulting in 531.6 J/gUO2 (127.06 cal/gUO2 ).
For BWR cases the low value will be 0.3 MW, 159.5 J/gUO2 (38.12 cal/gUO2 ) of injected
energy, and 1.0 MW, 531.6 J/gUO2 (127.06 cal/gUO2 ) of injected energy. All the power is
injected into the UO2 and no contribution will be released in the cladding or coolant. The
radial and axial profiles in the fuel are supposed to be flat. All the cases are summarized
in Table 5.2.

48

Fig. 5.2: Benchmark rod design

Table 5.2: Summary of benchmark cases

Mechanical

Case 2
Case 3
Case 10

Thermal
Hydraulic

Case
Case
Case
Case
Case
Case

6
7
4
5
8
9

X
X
X
X
X
X
X
X
X
X

X
X

Plenum
Pressure

X

X

X
X

X
X
X

X
X
X

X
X
X

X
X
X
X
X
X
X

X
X

Low

X

X
X

X
X
X

X

X

X
X
X

High

Imposed

BWR

PWR

Fixed

Power
Pulse

X

X
X
X
X
X
X
X

Imposed

Standard

Frictionless

Sticking
X

Thermal
Hydraulic
Conditions

Low

Case 1

Thermomechanical
Models

High

Thermal

Open Gap

No Gap

Geometry

Contact
Conditions

X
X
X
X
X
X
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BISON Model
The geometry described in Figure 5.2 was interpreted into a 2D-RZ model for BISON.
The fuel was defined with 10 radial mesh elements and 40 axial elements. The cladding was
defined with 5 radial elements and 40 axial elements. The cladding height was defined to
achieve the required plenum volume of 2 cm3 . The geometry is shown in Figure 5.3. The
fuel and cladding material models used were similar to those discussed in Section 5.1.2.

Fig. 5.3: BISON fuel rod geometry and mesh. Representation is scaled 3 times in radial
direction.

Cases 4, 5, and 8 that specify “PWR Conditions” for the thermal-hydraulic conditions
used the CoolantChannel module in BISON. Cases 1, 2, and 3 used a fixed temperature
on the outside of the cladding. Case 9 required Imposed Conditions for the bulk coolant
temperature and the convective heat transfer coefficient. This case used the ConvectiveFluxFunction boundary condition with the appropriate temperature and heat transfer coefficient
defined above.
Cases 6, 7, and 10 were not completed for this benchmark.

5.1.4

CIP0-1 Benchmark
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In collaboration with the IRSN a benchmark was performed between BISON and
SCANAIR (Section 2.3.1) on the CIP0-1 test. The objective of the collaboration was to
compare BISON against SCANAIR, which is a code dedicated to RIA power transients that
has been previously compared against the CIP0-1 experimental data and found to agree
very well. This benchmark will provide an additional experimental case with measured data
to validate against as well as a direct comparison against one of the most widely recognized
RIA fuel codes, SCANAIR.
Similar to the other CABRI REP Na cases discussed in Section 5.1.1, a base irradiation
simulation was performed to initialize the fuel rod prior to the transient. The same material
options and models discussed in Section 5.1.2 were used, except for a modified cladding yield
strength model for the Zirlo cladding. The CIP0-1 rodlet was refabricated from the fifth
span of an ENUSA fuel rod irradiated in the Vandellos 2 PWR in Spain under the frame of
a joint Japanese-Spanish R&D program aimed at studying the behavior of UO2 fuel at high
burnup [116,117]. The rod consisted of UO2 fuel with an initial enrichment of 4.5% and Zirlo
cladding. It was irradiated for 5 cycles from June 1994 to September 2000 to an average
rod burnup of 68 GWd/tU with the average burnup of the CIP0-1 section approximately
75 GWd/tU.
SCANAIR uses end-of-life conditions calculated by FRAPCON V4.0 code [118] for the
whole rod, where BISON was used for both the base irradiation and the RIA simulation,
therefore the same geometry of the CIP0-1 rodlet was then modeled for both simulations.
The burnup distribution measured and calculated by the irradiation codes along the rod are
represented in Figure 5.4. The maximum local burn-up was 77 GWd/tU. The rod average
burnup for the CIP0-1 section calculated by FRAPCON and BISON was respectively 75.0
and 75.3 GWd/tU.
Post base-irradiation measurements were performed in the Studsvik laboratory prior
to the CIP0-1 rod refabrication. Rod diameter and oxide thickness measurements were
made on the mother rod. These results along with the BISON and FRAPCON calculations
are shown in Figure 5.5 and Figure 5.6. The cladding oxidation was significant with an
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Fig. 5.4: Axial profile burnup measurements of CIP0-1 mother rod shown with FRAPCON
and BISON calculations
average thickness of 80 µm over the length of the CIP0-1 rodlet. The oxidation level was
predicted well by both codes. The clad diameter measurements shows good agreement with
BISON, slight under-prediction, and FRAPCON over-predicting during the CIP0-1 span.
More details on the conditions of the rod can be found in [8].

Rod Diameter (mm)

52

9.70
9.65
9.60
9.55
9.50
9.45
9.40
9.35
9.30

FRAPCON
BISON
0

CIP0-1

500 1000 1500 2000 2500 3000 3500 4000
z (mm/BFC)

Oxide Thickness(µm)

Fig. 5.5: Axial profile of rod diameter measurements of CIP0-1 mother rod shown with
FRAPCON and BISON calculations
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Fig. 5.6: Axial profile oxide thickness measurements of CIP0-1 mother rod shown with
FRAPCON and BISON calculations
CABRI CIP0-1 Test Characteristics
The CABRI CIP0-1 test was performed in 2002 in the sodium loop of the CABRI
facility in Cadarache, France. The reactor axial power profile and power pulse are shown
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in Figure 5.7 and Figure 5.8. The main characteristics of the power transient were:
• Maximum core power of 3692 ± 222 MW
• Core energy deposition of 189.6 ± 11.4 MJ (1.2s after the beginning of the energy
deposition)
• 32.4 ± 0.5 ms FWHM pulse
• 99 ± 6 cal/gUO2 of energy deposited into the rod at the peak power node (PPN)
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Fig. 5.7: CABRI axial power profile for CIP0-1 test
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Fig. 5.8: CABRI core power and injected energy during the CIP0-1 test
5.2

Baseline TREAT Test
The motivation and objectives for this task are to provide an initial understanding of

the thermo-mechanical response of fuel rods under RIA conditions in the Multi-SERTTA
experimental vehicle in TREAT. The BISON modeling provides insight into the expected
thermo-mechanical phenomena of the fuel rodlet during the RIA simulation, but lacks in
the ability to accurately model the transient thermal-hydraulic behavior during RIAs and
the coolant geometry in Multi-SERTTA. Therefore, BISON needs to be coupled to a more
robust thermal-hydraulic code for accurate modeling of tests in Multi-SERTTA. Developing
these tools will provide the needed capability to model the thermo-mechanics and thermalhydraulics of tests in Multi-SERTTA. This ability will provide useful guidance to ensure
correct test conditions and expected outcomes are met.
Testing of ATF fuel concepts in TREAT is expected to begin in early 2019. Prior to
testing ATF concepts, fresh UO2 -Zircaloy rodlets will be tested in Multi-SERTTA to provide
baseline results to be compared with historical tests carried out in facilities in the U.S. and
Japan while allowing for validation of current modeling approaches including BISON. These
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tests will also provide some basic metrics for comparison of results from later tests with
ATF concepts.
The first tests in the Multi-SERTTA experiment vehicle in TREAT have a specified
energy deposition target to achieve a fuel radial averaged enthalpy within the enriched
pellets of at least 711 J/gUO2 . Based on historical reports [119] fresh fuel tests of standard
UO2 -Zircaloy at 711 J/gUO2 should not fail but will provide a good shakedown of the
Multi-SERTTA experiment vehicle and instrumentation.

5.2.1

Geometry

The geometry is representative of the fuel rodlets to be tested in the Multi-SERTTA
capsule. The CAD drawing and 2D-RZ mesh geometry is depicted in Figure 5.9. The
characteristics and dimensions of the fuel and cladding are summarized below:
• UO2 with 4.95% enrichment
• Pellet height of 1.016 cm (0.4 in)
• 10 pellet stack with natural uranium pellets on the top and bottom
• Pellet diameter of 8.1915 mm (0.3225 in)
• Fuel porosity of ∼3.56% (results in a density of 10580 kg/m3 )
• Cladding I.D. of 8.3058 mm (0.327 in)
• Cladding O.D. of 9.4996 mm (0.374 in) resulting in a cladding thickness of 596.9 µm
• Initial fuel-cladding gap (cold condition) of 57.15 µm
• Plenum height of 6.35 mm (0.25 in)

5.2.2

Material Properties

All material properties are for fresh fuel. The material models and properties are
the same as those discussed in Section 5.1.2 with the exception of a few models that are
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Fig. 5.9: Rodlet CAD model and representative BISON 2D-RZ mesh
not necessary for fresh fuel simulations. No cladding creep models were used and the fuel
relocation, fission gas, and swelling models were not used.
The rodlet plenum is filled with helium during manufacturing. Typically the plenum
is pressurized to increase heat transfer across the fuel to cladding gap. For these results
it is assumed that the rodlet is not pressurized as typical PWR commercial rod would be.
Therefore, the initial plenum pressure is defined as atmospheric pressure (101325 Pa) at
20◦ C.

5.2.3

Power Pulse

The RIA pulse was provided using a RELAP5-3D Point Kinetics Model [120] based
on targeting the energy deposition in the fuel that will result in a max fuel RAE of 711
J/gUO2 in the fuel. The pulse profile and energy is shown in Figure 5.10. The reactor
power is plotted on a log scale to show the presence of a power tail due to the delayed
neutrons. This tail can account for a portion of the total energy deposition into the fuel
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due to its long duration, but has little influence on the fuel rod thermal and mechanical
response [14, 33]. The pulse width, calculated as full width at half maximum (FWHM), is
0.136 s. The energy deposition at 60 seconds is 576.3 MJ, while the energy deposited at 1.5
seconds is 540.4 MJ (93.8% of the total energy deposition). The RIA power pulse is applied
to the fuel as a uniform heat generation rate derived appropriately from the TREAT pulse
to provide the necessary energy deposition into the fuel.
The inclusion of the two natural uranium end pellets requires axial scaling of the power
in the fuel column. In Multi-SERTTA, the power into the fuel is found using power coupling
factors (PCF). The PCFs are calculated using the MCNP software for each individual pellet
in the Multi-SERTTA vehicles. The pellet-to-pellet PCF result for the four vehicles is shown
in Table 5.3 [121]. The PCF ratio between the end pellets and the enriched pellets is chosen
as 0.216. The power levels in the end pellets are reduced to 21.6% of the power applied in
the remaining 8 pellets. The simulations are representative of a RIA power excursion at
HZP conditions, namely water at 280◦ C and 15.5 MPa.
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Fig. 5.10: TREAT power pulse and energy from a RELAP5-3D Point Kinetics Model during
the planned Multi-SERTTA transient
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Table 5.3: Power Coupling Factors for pellets in Multi-SERTTA
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet
Pellet

1
2
3
4
5
6
7
8
9
10

Enriched Average
Depleted Average
Ratio

5.2.4

Unit 1

Unit 2

Unit 3

Unit 4

0.25
1.24
1.19
1.18
1.15
1.15
1.12
1.08
1.10
0.20

0.26
1.24
1.21
1.15
1.11
1.12
1.11
1.11
1.17
0.23

0.25
1.21
1.15
1.14
1.13
1.13
1.13
1.17
1.20
0.25

0.23
1.18
1.14
1.13
1.10
1.14
1.14
1.17
1.20
0.24

1.150
0.223
0.194

1.152
0.248
0.215

1.156
0.251
0.216

1.149
0.234
0.204

Thermal-hydraulics

Similar to other fuel performance codes, BISON has a coolant channel model to estimate thermal-hydraulic boundary conditions. However, currently this model is designed for
steady state and slow operating transients of a flowing coolant [93]. Additionally, the relatively small closed-system capsule device will experience pressurization effects as energy is
injected into the system. Therefore to obtain more accurate thermal-hydraulic and pressure
boundary conditions, RELAP5-3D [122] is employed to calculate the thermal-hydraulics in
the vessel.
A recent study on the effects of multiple parameters affecting the thermal-hydraulic
performance in the Multi-SERTTA vessel was conducted using RELAP5 [123]. This study
modeled a UO2 -Zircaloy rodlet in Multi-SERTTA investigating the effects of pulse width,
fuel-to-cladding gap conductance, oxidation effects, and energy deposition on the temperatures of the rodlet and resultant vessel pressure. The effect of the fuel-to-cladding gap conductance on the cladding temperatures was significant. A high gap conductance resulted in
substantially higher cladding temperatures as well as a quicker vessel pressurization as heat
is transferred from the fuel to the water. All these effects are important in understanding
the fuel performance during RIA events that cannot be captured by RELAP5 alone, thus
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the need to couple the two codes.
The RELAP5 model consists of heat structures representing Zircaloy cladding connected to adjacent water volumes. The fuel pellets are not included in the RELAP5 model
as the cladding provides the link between the two models. Argon and saturated steam
fill the volume above the water and into the expansion tank. The RELAP5 model does
not include the surrounding containment structures. The effect of including these as heat
structures to the model is negligible for the short duration of the transient as they will only
absorb a minimal amount of energy from the system. The heat structure representing the
cladding consists of ten 10.16 mm high sections composed of Zircaloy with a 0.5969 mm
thickness. Neutronic heating in the cladding, water, and other miscellaneous hardware is
neglected in the analysis.
A model nodalization diagram and a CAD rendered cross-section of the Multi-SERTTA
vessel are shown in Figure 5.11. As shown in the figure, the modeling approach is representative of the physical layout of the multi-SERTTA vessel. The primary vessel is modeled
using a single pipe component subdivided into regions corresponding to coolant type and
regions corresponding to the cladding. An adiabatic outer boundary condition for the vessel
surface is a reasonable approximation for the time scales of interest for the transient, especially due to the water being contained in a ZrO2 crucible with a low thermal conductivity.
The line to the expansion tank is modeled as a pipe with single junctions connecting the
primary vessel to the expansion tank.
The material properties for the cladding are taken directly from the built-in properties
supplied by the RELAP5 code [122] which are the same as defined in MATPRO that BISON
uses. Initial conditions for the model correspond to HZP conditions for a PWR with initial
temperature and pressure of 280◦ C and 15.5 MPa.

5.2.5

BISON/RELAP5 Code Coupling

As discussed in Section 5.2.4, BISON does not have the current capability to model
the thermal-hydraulic conditions present in the Multi-SERTTA vessel. The static or pool
type conditions, the dominant multi-phase heat transfer effects during RIA events, the fast
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Fig. 5.11: CAD rendered Multi-SERTTA test capsule and corresponding RELAP5 model
nodalization diagram (see Figure 2.6 for more detail on the Mulit-SETTA capsule)
transient effects, and the need to monitor the increase in vessel pressure all require the
need of a more robust thermal-hydraulic code such as RELAP5-3D. On the other side,
the fast changes in the mechanics of the problem due to rapid expansion of the fuel into
the cladding during the RIA transient have significant effects on the fuel-to-cladding gap
conductance which have an effect on the thermo-mechanics and thermal-hydraulics of the
system that RELAP5 is not capable of modeling. Coupling the two codes captures the
combined thermo-mechanics and thermal-hydraulic effects that are very much coupled in
reality. The details of the coupling between RELAP5 and BISON will be discussed below.
The cladding temperatures provide the link between the two codes. The BISON model
only includes the fuel and the cladding. The cladding outer surface temperature (TCO)
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is set as a boundary condition with spatially varying time-temperature data coming from
RELAP5. The TCO data is saved in a CSV file that BISON reads as a boundary condition
function. The RELAP5 model only includes the cladding and the Multi-SERTTA vessel
geometry important to the thermal-hydraulics. The inner cladding temperature (TCI) is
set as a boundary condition with spatially varying time-temperature data from BISON.
The TCI data is defined in the RELAP input file.
The RELAP5 cladding heat structure is separated into ten structures corresponding
to the ten fuel pellets. The time-temperature TCO data from RELAP5 is appended to
a CSV file that BISON reads to apply the TCO boundary condition. The CSV file that
BISON reads is formatted in a bilinear fashion, meaning that it provides the cladding surface
temperature as a function of time and axial position. This allows BISON to update the
cladding surface temperature both spatially and temporally.
In BISON, postprocessors extract the TCI data at the end of each time step. TCI data
is sampled at nodes on the cladding inner surface that line up, as close as possible, to the
mid-height of each pellet. This axially and temporally varying data is then added to the
RELAP5 input file as an inner cladding temperature boundary condition for each cladding
heat structure. This ensures that the RELAP5 model has a spatially varying temperature
profile for the cladding inner surface.
A flow chart of the coupling process is shown in Figure 5.12. Both codes begin and are
allowed to initialize to HZP conditions before any coupling begins. Once both codes are
initialized the restart option in RELAP5 is used to stop and resume the simulation with
updated boundary conditions. The recover option in BISON is used in the same manner to
stop and resume the simulation with updated boundary conditions.
The coupling between the two codes is performed using python scripting. Python is
used to execute the two codes as well as extract and exchange the necessary data between
BISON and RELAP5. The time between data exchange between the two codes is controlled
in the Python script. In general BISON requires shorter time steps, especially during the
pulse of the transient, therefore by controlling the time in Python, it is ensured that the two
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Fig. 5.12: BISON/RELAP5 coupling flowchart
codes remain at the same time in the simulation. In some instances BISON may require
multiple time steps before data is exchanged with RELAP5. The convergence criteria and
Picard iteration method ensures that the solution between the two codes has converged to
an acceptable limit.
Once initialization is complete the coupling between the two codes begins. A description of the coupling technique depicted inside the Picard Iteration block in Figure 5.12 is
explained. At time ti in the transient the BISON simulation is run with TCO boundary
conditions initially specified from time ti−1 . The BISON simulation is run to time ti+1 .
The cladding inner temperature is extracted from BISON for time ti+1 and appended to
the boundary condition function on the appropriate cladding heat structure in RELAP5.
The boundary condition function in RELAP5 is provided for times ti and ti+1 and RELAP5 will linearly interpolate between these times if smaller time steps are necessary. The
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RELAP5 simulation restarts at time ti and runs to time ti+1 . The TCO data at ti+1 from
RELAP5 is extracted and added to the boundary condition function for BISON. BISON
is then restarted at time ti with the updated TCO boundary conditions and run to time
ti+1 . At this point the residual of the TCO data from the current iteration and previous
iteration is computed. If the residual is below the specified convergence criteria then the
simulation is allowed to proceed to time step ti+2 , but if the convergence criteria is not met
the iterations between BISON and RELAP5 continue until the TCO data converges. The
Picard iteration convergence criterion was defined at 1e-3, which is the same as the specified
BISON nonlinear residual to ensure that the appropriate physics convergence was met in
each individual code.

5.2.6

Task Objectives

One of the main goals of this task is to determine the required energy deposition into
the fuel to achieve the required maximum fuel RAE of 711 J/gUO2 for the baseline tests in
TREAT. Additionally there are a few parameters related to the manufactured state of the
rodlet and other operational parameters that are of interest that will be varied to assess
the impact they may have on the expected results.
• The standard case described in Sections 5.2.1 and 5.2.2 will model a rodlet with a
manufactured initial plenum pressure of 0.1 MPa. A higher plenum pressure, more
typical of a PWR rod, of 2.0 MPa will be modeled to quantify the impact of initial
plenum gas pressure on the expected fuel RAE and thermo-mechanical results.
• Initial testing in TREAT is targeting a fuel RAE of 711 J/gUO2 . The effect of
variations on this target will be evaluated with energy depositions of ±10% and ±20%
from the target energy deposition in the fuel. The will provide details on the linear
behavior of RAE and other thermo-mechanical parameters.
• A large uncertainty involved in RIA scenarios is the effect of transient boiling on the
thermal hydraulic results [69,95,96]. It is widely known that during fast heating rates,
as experienced during RIAs, the boiling curve is considerably different than during
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steady-state operation (see Figure 4 and 14 in [96]). There is a large difference in
critical heat flux (CHF) during normal operations (2.5 MW/m2 for the target case)
and fast transients (8-24 MW/m2 [95]). Therefore, a factor of 2 and 4 will be applied
to the CHF in RELAP5 on the standard case to study the impact on the thermal and
mechanical results for the rodlet.
• The pulse width for the initial testing in TREAT will be 136 ms FWHM. This is
longer than predicted in PWRs for HZP conditions (25-65 ms FWHM [3]) and what
is capable in other reactors used for RIA testing such as CABRI (9-75 ms FWHM)
and NSRR (4-5 ms FWHM) [124]. There are current research efforts looking at ways
to shorten the pulse in TREAT. Previous studies concluded that with modifications
the pulse could be reduced to 48 ms FWHM [66]. To be conservative, 60 and 10 ms
FWHM pulses are modeled to better understand the effect of pulse widths planned
for Multi-SERTTA in TREAT compared to more prototypic RIA pulses for a PWR
and results from other experimental programs.

5.3

Uncertainty Quantification and Sensitivity Analysis
In the previous two sections of this chapter the approach for BISON validation and

benchmarks for RIA scenarios and using BISON for initial assessments of future tests in
TREAT have not discussed any uncertainty associated with the expected results. When
performing code simulations it must be clearly understood that the results obtained are
not treated as absolutes, rather estimates with inherent uncertainties. The objectives for
this task are to perform an uncertainty analysis on a typical RIA experiment in TREAT
to provide an understanding of the possible uncertainties associated with various results of
interest. Additionally, it is valuable to understand the impacts that certain input variable
uncertainties may have on the uncertainty of the results. Understanding the impact of the
uncertainty of influential parameters is critical for not only analyzing the results of the
experiment but also for modeling and validation of codes.
When discussing uncertainty, it is typically classified into two categories: aleatoric and
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epistemic. Aleatoric uncertainty is also known as statistical uncertainty that is representative of unknowns that vary each time an experiment is run. Epistemic uncertainty is
also known as systematic uncertainty which is typically not known in practice, such as a
model derived from inaccurate data. For this task, the identification and use of epistemic
uncertainties was beyond the scope of this project.
Historically uncertainty quantification (UQ) and sensitivity analysis (SA) was more
prominent in the reactor physics and thermal hydraulic modeling [125, 126]. Its application to fuel performance modeling has received less interest until recently [125, 127] even
though it has been known for some time that uncertainties related to fuel modeling can
be significant [128]. Lately there has been an increasing interest in reactor safety analysis
to replace the conservative models with best estimate calculations supplemented by a UQ
analysis [129], additionally uncertainty analysis is becoming a regulatory requirement and
industry standard for fuel modeling and safety analysis [130].

5.3.1

Methodology

Currently the most widely used uncertainty analysis method in nuclear safety analysis
is the probabilistic uncertainty propagation method [129]. This method will be used for this
work and will be described in the following sections. In this method the fuel codes, BISON
in this application, are treated as black boxes where the input uncertainties are propagated
to the simulation output by the code calculation resulting in uncertainties associated with
the simulation output. Application of this method consists of following a number of steps:
1. Specification of the problem: all uncertain parameters to the problem are identified.
These can include plant/core/fuel initial conditions, boundary conditions, and model
uncertainties.
2. Uncertainty modeling: the uncertainty of each uncertain parameter defined in step 1
is quantified by a probability density function (PDF) based on engineering judgement.
3. Uncertainty propagation: the propagation is represented by Monte-Carlo simulations [131] where a number of code runs (N) are performed and for each of these
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runs all the identified uncertain parameters are varied simultaneously according the
their respective PDF.
4. Code calculations: the black box code runs the sampled N sets of parameters as
inputs. The values of the varied uncertain input parameters are propagated through
the code and the calculated results include an associated uncertainty range.
5. Statistical analysis of the results.

5.3.2

Uncertainty Quantification

The method used for the UQ for this work is the order statistics method [132]. This
method was chosen because it is simple and well-established in the nuclear community [115].
The number of code calculations (N) is determined by the required probability content and
confidence level interval for the calculation outputs of interest. Typically the uncertainty is
quantified by a 95/95 interval meaning the specified uncertainty limits contain 95% of the
total population with 95% confidence.
The minimum required number of calculations (N) is given by the Wilks formula [133]
for either a one or two-sided tolerance limit. The Wilks formula for a one-sided limit is:

1 − aN ≥ b

(5.1)

where a is the probability of the corresponding output being within the total population
and b is the confidence level. For a two-sided limit the formula is:

1 − aN − N (1 − a)aN −1 ≥ b.

(5.2)

Once the total number of code runs is completed, the N outputs of any output parameter of interest, Y , is ordered such that Y(1) < Y(2) . . . < Y(N −1) < Y(N ) . The confidence
interval is used to account for the influence of sampling error due to a random sample of
limited size, and N represents the number of calculations so that the maximum calculated
value in the sample is the upper-bound statistical tolerance limit. As an example, the 95th
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percentile value with a 95% confidence level is found by selecting Y(N ) with N = 59 for a
one sided limit. On the other end, a 5th percentile value with a confidence level of 95% is
found by selecting Y(1) . For a two-sided 95/95 tolerance limit, the lower and upper-bounds
would be defined by Y(1) and Y(N ) , respectively, with N = 93.
In the case where more than the minimum number of samples is run (as defined in
Equations 5.1 and 5.2 the upper and lower uncertainty bounds will not correspond with
Y(1) and Y(N ) as they would if N = 93 in a two-sided 95/95 limit was required. For this case,
order statistics can provide an estimation of the percentile of interest since the probabilitypercentile (a) can be estimated as Y(aN ) . But it turns out that the cumulative distribution
function (CDF) of the ordered output Y(k) , FY (Y(k) ), follows the Beta distribution β(k, N −
k + 1), which does not depend on the distribution of Y . The beta distribution is a family
of continuous probability distributions defined over the interval [0,1]. The beta PDF is
parametrized by two positive shape function typically denoted by α and β. This allows
the quantifying the probability that any ranked value is smaller than any percentile by the
following formula:

P (Y(k) ≤ Ya ) = Fβ(k,N −k+1) (a)

(5.3)

where Fβ(k,N −k+1) is the CDF of the Beta law β(k, N − k + 1). This equation can then
be used to define the lower and upper bounds of a percentile of interest (a) given the size
N and confidence level (b) that controls the probability that Y(k) ≤ Ya . These bounds are
found by solving the following equation for k:

Fβ(k,N −k+1) (a) = β.

(5.4)

For this work the number of samples was chosen as N=1000 with a lower 5% and upper
95% percentiles (a = 0.05 or 0.95) with a confidence level higher than 95% (b ≥ 0.95).
Solving for Equation 5.4 results in
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P (Y(39) ≤ Y0.05 ) = 0.957,

(5.5)

P (Y(962) ≤ Y0.95 ) = 0.957.
Therefore in this work the lower bound will be defined by Y(39) and the upper bound
by Y(962) . Note that a one-sided approach is used here and that the bounds are estimated
separately.

5.3.3

Sensitivity Analysis

Another benefit of using the probabilistic uncertainty propagation method is that is can
be used to evaluate sensitivity measures of the importance of input parameter uncertainties
on the uncertainty of the output. This gives insight into the most influential input parameter
and future care can be taken to reduce the associated uncertainty with that specific input
parameter. A very detailed study using sensitivity analysis for fuel performance modeling
was performed by Ikonen and Tulkki [125, 127], and in this study only a few of the many
available sensitivity measures were used and will be discussed below.
There are many different sensitivity measures available for use. The methods vary in
computational cost and in their ability to reveal complex or non-linear behavior. In this
work two approaches to sensitivity analysis were used: correlation analysis and variance
based composition.

Correlation Coefficients
A few correlation coefficient methods will be described here, but more detailed definition and derivation can be found in [134,135]. In statistics, correlation refers to a relationship
between two variables or sets of data, such as inputs and outputs. A correlation coefficient
ranges between [-1.0,1.0] and a +1 correlation means there is a perfect increasing linear
relationship between the input and the output. A -1 correlation means a perfect decreasing linear relationship, and a correlation near zero means there is not a linearly organized
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relationship between the two variables.
There are several types of correlation coefficients: simple, rank, and partial. A simple
correlation measures the strength and direction of a linear relationship between the variables. The simple correlation coefficient is typically referred to as the Pearson correlation
coefficient [136]. The Pearson correlation between an input Xi and output Y is given by:
cov(Xi , Y )
Ri = p
var(Xi )var(Y )

(5.6)

where cov(Xi , Y ) is the covariance between the input Xi and output Y and var() is the
variance of the individual variables. The Pearson measure is popular because it is simple
to implement and requires smaller samples sizes, but as a sensitivity measure it is very
limited. It can only give a complete description for linear systems [125]. In the case of a
linear system then
k
X

Ri2 = 1

(5.7)

i

where k is the total number of uncertain input parameters. If the system in non-linear then
only a part of the uncertainty of Y can be described by the Pearson correlation coefficient
and the summation will be less than unity. In cases such as this better sensitivity measures
are needed. Typically the Pearson measure can be quickly used to determine the linearity
of the system. If the summation is close to unity then a larger sample size for a higher order
method is not needed.
An extension of the Pearson measure is the Spearman correlation coefficient, ρi . The
Spearman measure can be applied to non-linear monotonic functions. The Spearman correlation is a rank correlation meaning that the correlation is performed on the rank of the
data instead of the data itself. The ranks are obtained by ordering the data in ascending
order where the smallest value in a set is given a rank 1. Rank correlations are useful
when the data varies greatly in magnitude. While the Spearman correlation performs considerably better than the Pearson measure for non-linear systems, its ability to describe
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non-monotonic or non-additive models is limited [125] and in fuel performance modeling
there are many interactions between different inputs. In these cases the Spearman measure
would be inadequate. If there are no repeated data values then a perfect Spearman correlation of ±1 occurs and the variables are prefect monotone functions of each other. Partial
correlation coefficients can be performed on the simple or the ranked correlation coefficients,
but a partial correlation coefficient measures their correlation while adjusting for the effects
of the other variables. For this study the partial coefficients were not used. Typically a
good way to determine the linearity or monotonicity of an input Xi to an output Y is with
a scatter plot of the data.

Variance-based Decomposition
The correlation coefficients just described are only good when detecting linear and
monotonic relationships. The variance based measures are not limited in this way. Variancebased indices are typically referred to as Sobol indices. These indices identify the fraction
of the variance in the output from an individual variable or with interaction effects [137].
Variance-based indices can be separated into two classes, main effects and total effects. The
main effects (Si ) identify the fraction of uncertainty in the output Y from Xi alone, where
the total effects (Ti ) correspond to the fraction of the uncertainty in output Y from Xi and
its interaction with other variables. In this work only the main effects were utilized. The
main effect indices are found by the following equation,

Si =

var(E(Y |Xi ))
var(Y )

(5.8)

where E(Y |Xi ) is the expected value of Y conditioned on Xi . This equation gives the
proportion of the variance caused by Xi on the total variance of Y .
If the model is linear then Si = Ri2 , meaning the variance method can be used to
extract the same information as the linear regression. The main benefit of the main effect
indices is the ability to detect non-linear effects that are additive, but they are ineffective
at detecting interactions between inputs. Since Si describes the additive contribution of Xi
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to Y , the sum has an upper limit of unity (

Pk
i

Si2 ≤ 1). This equality is exact only for

additive models. Even if the model is non-linear it will still sum to one if the system is
additive.
The Sobol indices are beneficial for non-linear systems, but that comes with a large
computational cost. Typically the Sobol indices require a double loop Monte Carlo sampling,
but for this work Plinske partitioning [138] was used. This method allows the partitioning
of data from a large single loop Monte Carlo sampling.
A combination of the Pearson, Spearman and Sobol sensitivity measures will be used
to analyze the impact of each uncertain input parameter on the results.

5.3.4

Problem Description

The purpose of this task is to perform the uncertainty quantification and sensitivity
analysis for a typical experiment in TREAT. The reference geometry of the fuel rod will be
the same as described in Section 5.2.1 for the baseline test in TREAT. The material models
chosen are the same as described in Section 5.2.2. In this case, the plenum is filled with
helium at 2.0 MPa at room temperature.
Using the same coupling technique between BISON and RELAP5, as described in
Section 5.2.5, is too computationally expensive for this study, therefore the internal coolant
channel model in BISON was used. The coolant properties are for nominal PWR conditions
with a temperature of 280◦ C, a pressure of 15.5 MPa and a velocity of 4 m/s at the inlet.
The cladding to water heat transfer coefficient is calculated in BISON using the built-in
coolant channel model.
The fuel is modeled at hot zero power conditions. Therefore, the power pulse starts
from zero power and has a simplified triangular profile with a 136 ms FWHM width. The
triangular pulse is selected for ease of changing the specified pulse width and total power
in the BISON input file when doing the sampling. For the reference case, the pulse injects
40 kJ of energy, resulting in ∼711 J/gUO2 (170 cal/gUO2 ) into the fuel. The power pulse
begins 100 seconds into the simulation allowing for near-steady state conditions at HZP
prior to pulse initialization.
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The uncertain input parameters for this task were selected based off a similar study
done in an international benchmark for RIA fuel codes [115] as well as an international
benchmark for uncertainty and analysis in modeling for design, operation, and safety analysis of LWRs [139]. The selected parameters can be classified into four categories:
• Fuel rod geometry initial conditions from manufacturing tolerances
• Thermal hydraulic boundary conditions
• Core power boundary conditions
• Variations in physical properties or key models (applied as a multiplying coefficient)
A total of 21 input parameters were selected and their information is displayed in
Table 5.4. Details on the individual parameter and associated uncertainties selected for
each can be found in [115, 139]. For each parameter the reference value (mean) along with
the standard deviation, type of distribution, and range of variation is showed. The sampling
was performed between the upper and lower bounds to prevent any unphysical numerical
values. The effect due to distribution types, such as normal vs uniform, was not studied in
this task. As was discussed previously in Section 5.2.6, the uncertainty related to transient
boiling can be very large. That is why the standard deviation for the clad to coolant heat
transfer coefficient was approximated as 12.5%. Additionally, a factor on the critical heat
flux was selected with a standard deviation of 50%, but the lower bound was limited to the
nominal value of 1 so this parameter consists of a one-sided distribution.
The sensitivity analysis was performed on a variety of outputs of interest. These
outputs and their corresponding definitions are displayed in Table 5.5. The sensitivity
analysis was performed at a variety of different times during the simulation. These times
are outlined in Table 5.6. The times t1 , t2 , t3 and t5 are all natural selections based upon
features of the pulse, but t4 (101 s) was selected because it is a period still early on in the
transient but also long enough after the end of the pulse to see some interesting behavior.
Any times can be chosen to evaluate the sensitivity measures at, the chosen times are
typically dependent on the specific problem of interest.
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Not all the outputs in Table 5.5 are applicable for all the times in Table 5.6. For
example, the gap width will not be important during times t2 , t3 , and possible t4 because
the gap will be fully closed during those times. Also the plastic hoop strain during the first
few times is not applicable because no permanent deformation has occurred yet. In addition
to the five times listed in the table, the maximum values for each output parameter was
analyzed.

Table 5.4: List of input parameters and defined uncertainty distributions. All parameters
are defined by a normal distribution.
Distribution
Input Uncertainty Parameter

Mean

Std. Dev.

Type

Lower
Bound

Upper
Bound

9.50
8.3062
8.1920
4
1.0
2.0
2.0

0.01
0.01
0.005
0.5
0.5
0.5
0.05

Normal
Normal
Normal
Normal
Normal
Normal
Normal

9.48
8.2862
8.1820
3
1e−6
1
1.9

9.52
8.3262
8.2020
5
2
3
2.1

15.5
280
4.00

0.075
1.5
0.04

Normal
Normal
Normal

15.350
277
3.92

15.650
283
4.08

40000
136

5%
5%

Normal
Normal

36000
122.4

44000
149.6

1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00
1.00

5%
5%
5%
5%
5%
1.5%
12.5%
50%
5%

Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal
Normal

0.90
0.90
0.90
0.90
0.90
0.97
0.75
1.00
0.90

1.10
1.10
1.10
1.10
1.10
1.03
1.25
2.00
1.10

Fuel rod manufacturing tolerances
Cladding outside diameter (mm)
Cladding inside diameter (mm)
Fuel outer diameter (mm)
Fuel porosity (%)
Cladding roughness (µm)
Fuel roughness (µm)
Filling gas pressure (MPa)
Thermal hydraulic boundary conditions
Coolant pressure (MPa)
Coolant inlet temperature (◦ C)
Coolant velocity (m/s)
Core power boundary conditions
Injected energy in the rod (Joule)
FWHM pulse width (ms)
Physical Properties/Key models
Fuel thermal conductivity model (Mult. Coef.)
Clad thermal conductivity model (Mult. Coef.)
Fuel thermal expansion model (Mult. Coef.)
Clad thermal expansion model (Mult. Coef.)
Clad Yield stress (Mult. Coef.)
Fuel enthalpy / heat capacity (Mult. Coef.)
Clad to coolant heat transfer (Mult. Coef.)
Critical Heat Flux (Mult. Coef.) (One-sided)
Plenum gas conductivity (Mult. Coef.)

To perform this analysis, BISON was interfaced with the toolkit DAKOTA (Design
Analysis Kit for Optimization and Terascale Applications) [140]. DAKOTA can be used to
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Table 5.5: List of output parameters of interest for sensitivity analysis
Parameter

Unit

Description

RAE
TFC
TFO
TCI
TCO
CTHS
CHS
FOR
PHS
GW
HFC

J/gUO2
K
K
K
K
%
MPa
mm
%
mm
W/m2 /K

Increase in Radial Average Enthalpy from 20◦ C
Temperature of fuel centerline
Temperature of fuel outer surface
Temperature of clad inner surface
Temperature of clad outer surface
Clad total hoop strain at cladding surface
Clad hoop stress at cladding surface
Fuel outer radius
Plastic hoop strain at cladding surface
Fuel-clad gap width
Gap conductance
Table 5.6: Times for sensitivity analysis

Time
Parameter
Definition
Value

t1

t2

t3

Beginning
of power
pulse

Time of
maximum
power pulse
100.1224 100.1496 s

End of
power pulse
100.2448 100.2992 s

100.0 s

t4
101 s
101.0 s

t5
End of
calculation
200.0 s

design computer experiments, run parameter studies, perform uncertainty quantification,
and calibrate parameters governing a simulation model [141].
The interface and process followed for this work is depicted in Figure 5.13. The process
begins by defining the input parameter distributions (Table 5.4) and the number of samples
or cases (N) in the DAKOTA input file. For this work the sampling type was defined as
simple random sampling. Latin Hypercube sampling can also be chosen. When DAKOTA
is executed it generates N cases with random samples from the input variables and creates
a BISON input file from a template with tags for each input parameter. In this case,
BISON acts as a black box code where only variations from the specified input parameters
is the difference between the N cases. When BISON completes running all cases, the
BISON output data is post processed so that the output parameters of interest (Table 5.5)
are extracted at the times of interest (Table 5.6). Following the BISON post-processing,
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a DAKOTA post-processing run is executed that performs the sensitivity analysis and
other statistical data for the outputs. The order statistics uncertainty quantification was
performed outside of DAKOTA with just the output data from BISON for the N runs.

Fig. 5.13: BISON/DAKOTA interface flow chart

CHAPTER 6
RESULTS
The results from the three tasks discussed in the previous chapter will be presented here.
They will be presented in the same order they were previously, namely, BISON validation,
baseline TREAT tests, and the uncertainty quantification and sensitivity analysis.

6.1

Validation and Benchmarks

6.1.1

CABRI REP Na Cases

Without membership in the CABRI International Program there is limited access to
the CABRI REP experimental data. So to the extent possible, BISON results are compared
against those CABRI REP experimental data reported in the open literature [41, 44, 111].
To provide more detailed comparisons, BISON results are also compared against FALCON
calculations for the same cases, as extracted from two EPRI reports [107, 142].

REP Na-2
REP Na-2 was base irradiated to an average burnup of 33 GWd/tU and had an initial
enrichment of 6.85% which allowed for higher energy depositions than the other cases. The
energy deposited into the fuel during the RIA CABRI test was reported as 866 J/gUO2
(207 cal/gUO2 ). Assuming a Gaussian-type pulse with a FWHM of 9.6 ms resulted in 205
cal/gUO2 of energy injected into the fuel at the peak power node (PPN) in BISON. The
calculated maximum change in radial averaged fuel enthalpy from 20◦ C is 217 cal/gUO2
compared to 200 cal/gUO2 calculated by FALCON and 199 cal/gUO2 reported by IRSN.
The BISON power pulse, energy injected, and radial averaged enthalpy are plotted in Figure 6.1 (Note: unless otherwise stated all BISON data reported or plotted is at the PPN).
The fuel and cladding temperature histories are plotted in Figure 6.2 with comparison
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between FALCON results for the fuel centerline and cladding inner temperature in Figure 6.3. A complete list of the BISON results compared against FALCON calculations and
experimental/reported values from IRSN found in literature is shown in Table 6.1. BISON
is able to predict thermal results very well when compared against FALCON or the reported
values. All temperature predictions are within 3% of values computed by FALCON and the
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Fig. 6.1: BISON power pulse, energy deposited and computed radial averaged fuel enthalpy
at PPN for REP Na-2 case

Although thermal behavior is well-predicted by BISON, mechanical results deviate
significantly from both FALCON calculations and measured values. As shown in Table 6.1,
BISON predicts less than half the residual cladding radial displacement and hoop strain as
compared to FALCON and measured values.
BISON and FALCON outer cladding surface hoop strain histories are shown in Figure 6.4. Post-test measurements of the cladding diameter compared against BISON calculations are shown in Figure 6.5 [111]. The oscillations in the posttest measurements are due
to cladding ridging at the pellet-pellet interfaces, which are not seen in the BISON results
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Fig. 6.2: Fuel and cladding temperature profiles at PPN for the REP Na-2 case
due to the smeared fuel approximation. It should also be noted that due to the frictionless
contact option chosen, axial elongation comparisons will not be made at this time. Without
frictional contact we expect significant discrepancies to FALCON or experimental results.
There are a number of postulated reasons for the discrepancies in the mechanical results.
As previously stated, the frictionless contact option greatly impacts the axial displacement
predictions but it also influences the plastic hoop strain estimation in BISON. The plasticity
model in BISON compares the von Mises stress against the cladding yield stress; without
friction the axial stress component is negligible resulting in lower von Mises stress and less
plastic strain accumulation. Another important factor that has a significant impact on the
cladding stress and strain state is the initial fuel-to-clad gap width prior to the RIA [69].
BISON calculates this gap from the base-irradiation simulation used to provide the initial
fuel rod state prior to the RIA, whereas FALCON and SCANAIR begin with no initial
fuel-to-cladding gap.
The predictions for the fission gas release (FGR) during the transient are very promising. BISON predicted a final FGR of 7.1% compared to the measured value of 5.5%. A plot
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Fig. 6.3: Fuel centerline and cladding inside temperature at PPN comparisons with FALCON for the REP Na-2 case
of the FGR is shown in Figure 6.6 along with the fuel centerline temperature plotted on
the right ordinate. The inset shows the FGR and fuel temperature during the time period
of the pulse. The initial large increase in FGR is highly correlated to the fast increase in
fuel temperature. Fission gas release and gaseous swelling are computed by a physics-based
model from Pastore et al. [109,143]. This model also captures the rapid FGR (burst release)
during transients, which is interpreted as driven by fuel microcracking [101, 102]. Microcracking during RIA transients has been observed experimentally (e.g., [144]) and may
account for the majority of FGR during a RIA, where the high FGR observed (5-20%, approximately) cannot be interpreted as diffusion-based in view of the short time scale of the
event. Note that traditional FGR models typically only account for diffusion-based FGR
and will thus tend to strongly underpredict FGR during the short duration of a RIA event.
This is demonstrated by comparison with the results from a purely diffusion based model
that differs from the complete BISON model only in that the specific transient (microcracking) capability is deactivated. This is shown in Figure 6.6 with no burst release due to
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Table 6.1: BISON calculations compared against FALCON calculations and experimental/reported values found in literature for REP Na-2.
Property

Energy Deposition (cal/g)
Peak Fuel Enthalpy (cal/g)
Max Fuel Temperature (K)
Max Fuel Centerline Temp. (K)
Clad Max Inside Temp. (K)
Max Hoop Strain (%)
Residual Hoop Strain (%)
Max Clad Radial Disp. (µm)
Clad Radial Disp. Residual (µm)
Fission Gas Released (%)
Corrosion thickness (µm)

BISON

FALCON

Experimental/
Reported
Values

%
Difference
(FALCON)

%
Difference
(Experimental)

205
217
3024
2707
1036
1.36
0.46
64
21
7.1
5

200
2948
2775
1020
2.60
2.20
135
102
-

207
199
3.5
135
5.5
4-10

8.7
2.6
-2.5
1.6
-48
-79
-53
-79
-

-1.0
9.2
-61
-78
29
-

micro-cracking. In this case the FGR still increases due to diffusion-based FGR because of
the very high temperatures in the fuel reaching between 2700-3000 K. Hence, the recently
developed transient release capability of the BISON model may represent an important step
towards better capturing FGR during RIAs.
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Fig. 6.4: Cladding hoop strain evolutions at PPN for BISON and FALCON for the REP
Na-2 case
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Fig. 6.5: Residual outer cladding diameter calculations from BISON compared against
Post-Test measurements for the REP Na-2 case.
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temperature (K) showing the high fission gas release rate correlates to the fast increase in
temperature.
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REP Na-3
The REP Na-3 test rod was base irradiated to a burnup of 53 GWd/tU and tested in
CABRI with 9.5 ms FWHM pulse targeting 511 J/gUO2 (122 cal/gUO2 ). The maximum
change in fuel radial averaged enthalpy at the PPN in BISON was 136 cal/gUO2 compared to
118 cal/gUO2 calculated in FALCON and 124 cal/gUO2 reported by IRSN. The Gaussiantype power pulse with the energy injected and radially averaged enthalpy are plotted in
Figure 6.7 with all the results from literature tabulated in Table 6.2. BISON over estimates
the radial averaged enthalpy by 10-15% in this case compared to the reported values and
FALCON.
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Fig. 6.7: Power pulse, energy deposition and radial averaged fuel enthalpy at PPN for REP
Na-3 case

The computed fuel centerline, fuel surface, cladding inside, and cladding outer surface
temperature histories are plotted in Figure 6.8. The fuel centerline reaches a maximum
temperature of just above 1900 K and the maximum temperature in the fuel reaches 2600
K which occurs a few microns in from the fuel surface due to the high burnup rim effect. The
pellet surface achieves a maximum temperature of 2300 K. The temperature calculations
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Table 6.2: BISON calculations at PPN compared against FALCON calculations and experimental/reported values found in literature for REP Na-3.
Property

Energy Deposition (cal/g)
Peak Fuel Enthalpy (cal/g)
Max Fuel Temperature (K)
Max Fuel Centerline Temp. (K)
Clad Max Inside Temp. (K)
Max Hoop Strain (%)
Residual Hoop Strain (%)
Max Clad Radial Disp. (µm)
Clad Radial Disp. Residual (µm)
Fission Gas Released (%)
Corrosion thickness (µm)

BISON

FALCON

Experimental/
Reported
Values

%
Difference
(FALCON)

%
Difference
(Experimental)

122
136
2599
1904
1002
1.19
0.40
56
18
9.8
51

118
2480
1960
935
1.5
1.10
81
51
-

122
124
2.2
55
13.7
35-60

15
4.8
-2.9
7.1
-21
-64
-31
-64
-

0
10
-46
-67
-29
-

by BISON agree very well, within 7% of the FALCON calculations.
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Fig. 6.8: Fuel and cladding temperature histories at PPN for the REP Na-3 case

BISON has again shown to do very well in predicting the temperatures in the fuel
and the cladding for this case. The fuel enthalpy BISON calculated was 16% higher than

85
calculated by FALCON even though the fuel centerline temperature differed by less. The
higher radial averaged fuel enthalpy calculation in BISON is likely due to a different fuel
radial power profile in BISON resulting in more energy deposited into the rim region and
thus higher fuel temperatures.
The cladding hoop strain calculations by BISON are again under-predicted compared
to the results from FALCON and experimental data reported by IRSN. The cladding hoop
strain evolution compared against FALCON is plotted in Figure 6.9. The maximum values
are approximately 20% less than FALCON and almost half the measured values. The
residual hoop strain calculation in BISON is less than half the FALCON calculation which
means BISON is not estimating the amount of plastic deformation correctly. The residual
cladding displacement is plotted with the FALCON results and the post-test measurements
in Figure 6.10.
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Fig. 6.9: BISON and FALCON calculated cladding hoop strain evolutions at PPN for the
REP Na-3 case

The fission gas release progression with and without the transient model is plotted
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in Figure 6.11 with the fuel centerline temperature. BISON calculated a final fission gas
release of 9.8% compared to the measured 13.7%. Figure 6.11 shows the influence of the
burst release component in the BISON fission gas release model for the transient. During the
initial temperature increase in the fuel, the fission gas release increases from just under 2%
(the end result from the base irradiation) to 5.5% in approximately 10 ms. The fission gas
release continues to increase over the next 4 seconds likely due to a combination of increased
diffusion from the elevated fuel temperatures and the transient burst release model. In
contrast, the FGR without the transient model shows very small increase throughout the
simulation. The diffusion-based contribution is much smaller in this case than in Figure 6.6
because the fuel temperatures are much lower during this transient.
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Fig. 6.10: Residual cladding displacement calculations for BISON and FALCON against
post-test measurements for the REP Na-3 case
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Fig. 6.11: Fission gas release plotted with fuel centerline temperature and measured posttest result for REP Na-3
REP Na-5
REP Na-5 was base irradiated during 5 cycles to a local rodlet burnup of 64 GWd/tU.
The CABRI test targeted an energy deposition of 435 J/gUO2 (104 cal/gUO2 ) during an
8.8 ms FWHM pulse. Even with the high burnup of the REP Na-5 rodlet the oxidation
thickness only varied between 15-25 microns because it was taken from between the 2nd
and 3rd spacers from the parent rod. The energy deposited into the rodlet was reported
as 104 cal/gUO2 from the IRSN and 112 cal/gUO2 at 1.2 seconds for FALCON. FALCON
also reported that the energy deposition was 105 cal/gUO2 up through 0.4 seconds. The
resulting max increase in radial averaged enthalpy calculated in BISON was 116.8 cal/gUO2
compared to 115 cal/gUO2 from FALCON and 108 cal/gUO2 reported from IRSN. These
results are plotted in Figure 6.12 and tabulated in Table 6.3.
A more detailed comparison with FALCON shows the time progression of the injected
energy and radial average enthalpy in Figure 6.13. The data available from the FALCON
results is limited out to 120 ms after the start of the transient but up to that time the
results between BISON and FALCON show very good agreement.
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Fig. 6.12: Power pulse, energy deposited and radial averaged fuel enthalpy at PPN for REP
Na-5 case
The temperature histories for the fuel and cladding are plotted in Figure 6.14 with the
maximum reported values for the fuel and cladding shown in Table 6.3. The cladding inside
and outside temperatures for BISON and FALCON are plotted in Figure 6.15. The results
here again show very good agreement between the two codes for temperature predictions.
The cladding outer surface hoop strain is shown in Figure 6.16. BISON shows a very
good agreement with FALCON on the total hoop strain during the transient, 1.34% compared to 1.21%. Even though the total amount of hoop strain predicted by BISON is much
closer to FALCON for this case, the residual hoop strain is still under predicted. FALCON
calculates a residual cladding hoop strain of 0.85% compared to BISON with a prediction
of 0.48% at the PPN.
The fission gas release prediction for BISON was 5.3% at the conclusion of the test
compared to the measured 15.1% post-test measurement. During this test the initial burst
release was much less than the previous two cases, from 1.6% to 1.9% during the initial
temperature rise in the fuel (Figure 6.17). The majority of the fission gas was released
when the fuel centerline temperature was around its maximum of approximately 1650 K.
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Table 6.3: BISON calculations compared against FALCON calculations and experimental/reported values found in literature for REP Na-5.
Property

Energy Deposition (cal/g)
Peak Fuel Enthalpy (cal/g)
Max Fuel Temperature (K)
Max Fuel Centerline Temp. (K)
Clad Max Inside Temp. (K)
Max Hoop Strain (%)
Residual Hoop Strain (%)
Peak Cladding Hoop Stress (MPa)
Fission Gas Released (%)
Corrosion thickness (µm)

140
120

BISON

FALCON

Experimental/
Reported
Values

%
Difference
(FALCON)

%
Difference
(Experimental)

104.3
116.8
2444
1684
1104
1.34
0.48
713
5.3
19

112
115
2387
1757
1020
1.21
0.85
867
-

104
108
1.1
15.1
15-25

-6.9
1.5
2.4
-4.1
8.2
10.5
-44
-18
-

0.3
8.1
22
-65
-
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Fig. 6.13: Injected energy and radial averaged enthalpy at PPN comparisons between BISON and Falcon for REP Na-5
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Fig. 6.14: Fuel and cladding temperature histories at PPN for REP Na-5
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Fig. 6.15: Cladding temperature at PPN comparisons between BISON and FALCON for
REP Na-5
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Fig. 6.16: Cladding hoop strain at PPN comparisons between BISON and FALCON for
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Fig. 6.17: Fission gas release plotted with fuel centerline temperature and the measured
post-test result for REP Na-5
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REP Na-10
The REP Na-10 rodlet was irradiated to 63 GWd/tU with an oxide thickness ranging
from 60-100 µm. The CABRI test targeted 453 J/gUO2 (108.3 cal/gUO2 ) of energy deposited into the fuel in a 31 ms FWHM pulse (Figure 6.18). During the test the microphones
in the test capsule detected a strong signal indicating that cladding failure had occurred.
The microphones detected that the failure originated at an axial location 255 mm from the
bottom of the fuel column. The injected energy at time of failure was 75 cal/gUO2 at the
PPN and 74 cal/gUO2 at the location of failure. There was no indication of fuel ejection
during the remaining 30 cal/gUO2 of energy injection.
BISON does not currently have a failure model for RIA type accidents so the results
presented are assuming no failure in the rodlet and as a result there are no comparisons to
experimental measurements for this test. The BISON simulation resulted in 109 cal/gUO2 of
energy deposited into the rodlet compared to 103 cal/gUO2 in FALCON and 108 cal/gUO2
reported by IRSN. The resulting calculated maximum increase in radial average fuel enthalpy was 118 cal/gUO2 in BISON, 109 cal/gUO2 in FALCON and a reported value of 98
cal/gUO2 by IRSN. These values result in an 8% difference between BISON and FALCON
and a 20% difference from the reported value. All these values are shown in Table 6.4.
A more detailed comparison of the injected energy and radial average enthalpy between
BISON and FALCON is shown in Figure 6.19. The profiles are very similar with the BISON results predicting slightly higher results than FALCON. These results would be much
closer if the energy injected was the same. The pulse in BISON was targeted to deposit
108 cal/gUO2 of energy into the fuel at the PPN. If this value was scaled back to match
the 103 cal/gUO2 in FALCON the results would be closer.
The fuel and cladding temperature profiles are plotted together in Figure 6.20. An
interesting observation comparing Figure 6.20 and Figure 6.14 is the much lower fuel surface
temperature in the REP Na-10 case. The maximum fuel temperature is still greater than
the fuel centerline temperature and that happens just inside the fuel surface, but due to the
much longer pulse in REP Na-10 the fuel surface temperature does not exceed the centerline
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Fig. 6.18: Power pulse, energy deposited and radial averaged fuel enthalpy at PPN for REP
Na-10 case
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Fig. 6.19: Injected energy and radial averaged enthalpy at PPN comparisons between BISON and Falcon for REP Na-10
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Table 6.4: BISON calculations compared against FALCON calculations and experimental/reported values found in literature for REP Na-10.
Property

BISON

FALCON

Experimental/
Reported
Values

%
Difference
(FALCON)

%
Difference
(Experimental)

109
118
2215
1748
1091
1.19
0.52
656
5.6
87

103
109
2046
1662
1080
1.00
0.73
773
-

108
98
Rod burst
60-100

5.4
8.0
8.2
5.2
1.0
19
-29
-15
-

0.3
20
-

Energy Deposition (cal/g)
Peak Fuel Enthalpy (cal/g)
Max Fuel Temperature (K)
Max Fuel Centerline Temp. (K)
Clad Max Inside Temp. (K)
Max Hoop Strain (%)
Residual Hoop Strain (%)
Peak Cladding Hoop Stress (MPa)
Fission Gas Released (%)
Corrosion thickness (µm)

temperature. Figure 6.21 shows a more detailed comparison of the cladding temperature
histories between BISON and FALCON with good agreements between the two codes.
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Fig. 6.20: Fuel and cladding temperature evolutions at PPN for REP Na-10

There are no measured mechanical results available, but for this case BISON again
predicts a higher cladding hoop strain than FALCON, 1.19% compared to 1.0%. The
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Fig. 6.21: Cladding temperature at PPN comparisons between BISON and FALCON for
REP Na-10
residual hoop strains are under predicted indicating a slight difference in the calculated
plastic strain between the two codes. The two codes show good agreement on the maximum
cladding hoop stress calculated. BISON predicts 656 MPa versus 773 MPa for FALCON,
only 15% difference.
Since the fuel rod failed there is no experimental results for fission gas release to compare
to, but BISON predicted a 5.6% fission gas release at the end of the transient. The fission
gas release looked very similar to REP Na-5 (Figure 6.17) with a very small increase during
the initial fuel temperature increase.

6.1.2

OECD RIA Fuel Codes Benchmark

The results from this international RIA fuel codes benchmark are already documented
in [69, 84] and will not be repeated here, but many of the main conclusions from that work
will be summarized or stated here.
Participation in this benchmark was from fifteen organizations using twelve different
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codes (ALCYONE, BISON, FRAPTRAN, RANNS, SCANAIR, TESPAROD, TRANSURANUS,
and others). The following points were drawn:
• Concerning the fuel thermal behavior, the differences between code estimations of fuel
enthalpies and temperatures are rather limited when considering the maximum values
of those parameters. However, the agreement is worse for BWR thermal-hydraulic
conditions than PWR thermal-hydraulic conditions that lead to water boiling. This
seems to be mainly driven by uncertainty in the clad-to-coolant heat transfer.
• Concerning cladding temperatures, there is considerable scatter in the cases where
water boiling occurs. Again this scatter is clearly related to the clad-to-coolant heat
transfer modeling.
• From cases devoted to BWR conditions, very few (if any) of the codes are able to
accurately model the thermal-hydraulics expected from a high powered BWR RIA.
• With respect to mechanical behavior, the loading mode of the cladding considered
during this benchmark exercise is limited to the PCMI one.
• Although the general behavior is similar from one case to another, and although
the agreement between predictions is reasonable during the heating phase, significant
discrepancies are obtained for the maxima of different variables of interest (namely
clad hoop strain, fuel and clad elongation and clad hoop stress), and for long-term
evolution of many parameters. The difference between upper and lower values reaches
almost 200% for the clad hoop stress and is between 25 and 75% for clad hoop strain
and fuel and clad elongations.
• The reasons for this disagreement can only be partly attributed to model approaches
and specific formulations.
A number of recommendations were formed from the conclusion of this benchmark:
• Fuel and clad thermo-mechanical models should be further improved and validated
against a sound RIA database.
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• A comprehensive database of both separate-effect tests and integral tests should be
built. In this way, both individual model validation and model integration into codes
would be feasible.
• An assessment of the uncertainty of fuel thermo-mechanics is needed.
• The clad-to-coolant heat transfer in the presence of water boiling during very fast transients is of particular interest, and capabilities related to modeling this phenomenon
should be improved. Separate-effect tests and experiments seem necessary.
• Models related to the evolution of the gap between fuel and clad should be improved
and validated in RIA conditions as this has been shown to have a significant effect on
fuel rod response. To do this, in-reactor measurement capabilities of cladding hoop
strain during RIA simulation tests needs to be developed.

6.1.3

CIP0-1 Benchmark

The objective of this subtask was to compare BISON to SCANAIR which is a code dedicated to RIA transients. As discussed in Section 5.1.4, BISON was able to predict the initial
conditions of the rod from the base irradiation very well. The only concern from the BISON
base irradiation calculations was the predicted fuel-to-cladding gap. BISON predicted an
initial gap prior to the RIA simulation of 18µm, where the SCANAIR simulation specified
a 2µm gap from the FRAPCON base irradiation calculation. The large gap predicted by
BISON is not realistic considering micrographs and SEM images of the CIP0-1 parent rod
after the base irradiation show bonding between the fuel and the cladding (see Figure 3 in
[8]). Another shortcoming of the initial benchmark for this case was the use of frictionless
contact between the fuel and cladding in the BISON simulation. Frictionless contact was
initially used due to numerical difficulties with frictional contact. Even with these concerns
the benchmark continued because the goal was to determine any shortcomings or needed
improvements for each code.

Thermal Results
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Comparing the increase of fuel radial average enthalpy from HZP conditions at the PPN
is shown in Figure 6.22. The agreement between the two codes is very good with slight
variations occurring after the end of the pulse during the cooling phase. This comparison is
similar for the fuel centerline temperature (Figure 6.23). The maximum values for the RAE
was 76.59 and 76.65 cal/gUO2 for SCANAIR and BISON, respectively. BISON predicted
a slightly higher maximum fuel centerline temperature than SCANAIR, 1347◦ C compared
to 1325◦ C, which is less than a 2% difference. Note: unless otherwise stated, all plots are
for data at the PPN.
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Fig. 6.22: BISON/SCANAIR comparison for fuel radial average enthalpy for CIP0-1

The fuel outer surface, clad inner and outer surface temperatures for SCANAIR and
BISON are shown in Figure 6.24. These temperature comparisons highlight considerable
differences between the fuel outer surface temperatures with BISON predicting temperatures
as high as 955◦ C compared to 700◦ C from SCANAIR. Some of these differences can be
explained by the large differences in the gap conductance models depicted in Figure 6.25
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Fig. 6.23: BISON/SCANAIR comparison for fuel centerline temperature for CIP0-1
and the higher sodium coolant temperature predicted by BISON (Figure 6.26). Some of the
differences in the gap conductance values can be attributed to the difference in the initial
fuel-to-cladding gap discussed earlier. Once that gap is closed those differences should be
negligible, but even after the gap closes in BISON the gap conductance is still approximately
8 times smaller than predicted in SCANAIR. In spite of the large differences between the
gap conductance and fuel surface temperatures the cladding inner temperatures are similar
between the two codes.
The large differences in the clad outer surface temperatures and sodium temperature
calculations between the two codes can be due to numerous mechanisms. The effect of oxide
thickness and spallation is accounted for in the SCANAIR calculation whereas the BISON
simulation tracks the oxide thickness and its effects on thermal resistance when used with
water coolant but currently has no impact thermally when using the sodium coolant model.
Also the sodium thermal hydraulic correlation is limited in BISON. Only the modified Schad
correlation [145] for fast breeder reactors is available and has not been tested or validated
for the flow or transient conditions in the CABRI sodium loop. In SCANAIR the clad to
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Fig. 6.24: BISON/SCANAIR fuel and cladding temperatures for CIP0-1
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Fig. 6.25: BISON/SCANAIR fuel-to-clad heat transfer coefficient for CIP0-1
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Fig. 6.26: BISON/SCANAIR sodium coolant temperature predictions compared to measurements at an axial location 47 cm from the bottom of the fuel.
sodium heat exchange coefficient is calculated using the Lyons law [146].
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Mechanical Results
Many of the thermal results were just code to code comparisons due to the difficulty
in online measurements of cladding and thermal properties, but there are a number of
mechanical parameters with experimental results. The cladding axial elongation for BISON,
SCANAIR, and measured results is shown in Figure 6.27. The BISON results show very
little agreement to SCANAIR or the measured results. This is mainly due to the use of a
frictionless contact model between the fuel and cladding. In an effort to improve the results
an additional BISON model was run with frictional contact and an “imposed” initial fuelto-cladding gap of 2µm. The influence of the larger initial gap in BISON is not apparent
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Fig. 6.27: BISON/SCANAIR results compared to measured cladding elongation over time

The imposed gap model was created by specifying the geometry based upon the post
base irradiation cladding diameter and adjusting the fuel diameter to“impose” the necessary
gap. The 2µm initial gap was chosen to be the same as the SCANAIR modelers chose. This
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ensured the gap was closed once HZP conditions were achieved prior to the transient. The
imposed gap BISON model loses some details compared to the original model such as axially
varying displacements, axially varying burnup properties, fission gas inventory, and cladding
oxide thickness. When possible the axially averaged of these parameters were applied as
initial conditions to the model.
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Fig. 6.28: BISON/SCANAIR cladding hoop strain calculations for CIP0-1

Concerning the cladding axial elongation (Figure 6.27) the “imposed” gap BISON
model shows very good agreement with the measured results compared to the original
BISON model. The most significant improvements from the “imposed” model concerns
the hoop strain predictions. The cladding hoop strain evolutions shown in Figure 6.28
shows the influence of a smaller gap results in a better agreement between BISON and
SCANAIR, but the real influence of the smaller gap shows in comparing the residual hoop
strain. The residual hoop strain is the axially varying outer cladding strain at the end of
the simulation. The very fast rate of fuel thermal expansion due to the RIA results in a
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large amount of plastic deformation in the cladding. That deformation was experimentally
measured and the results along with the BISON and SCANAIR predictions are shown in
Figure 6.29. The original BISON model shows very little residual cladding strain due to
the large initial gap. The larger gap results in over 18µm that needs to be closed due to
fuel thermal expansion before any hoop stress or strain is applied to the cladding to cause
permanent plastic deformation. The “imposed” model results show very good agreement
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with measured results and SCANAIR.
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Fig. 6.29: BISON/SCANAIR residual cladding hoop strain comparisons to measured results
for CIP0-1

This BISON and SCANAIR benchmark provided valuable insights for areas of improvement for BISON. This benchmark showed the importance for proper initial conditions,
especially regarding the fuel-to-cladding gap. The benchmark also showed the importance
of modeling frictional contact between the fuel and cladding. The initial frictionless contact resulted in highly inaccurate cladding axial elongation predictions. The benchmark
also revealed that the gap conductance modeling needs investigating. The BISON gap conductance predictions were ∼8x less than the SCANAIR predictions. Revelations like these
are the motivation for these fuel code benchmarks because they reveal specific areas where
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improvement is needed that would not otherwise be known.

6.2

Baseline TREAT Test
The specific objectives for this task were discussed in Section 5.2.6 and each of these

will be discussed here.

6.2.1

Target Case Results

The parameter of most interest for this analysis is the resulting maximum radial averaged enthalpy in the fuel. Figure 6.30 shows the fuel RAE with the energy injected into the
fuel and the RIA pulse from the TREAT reactor. This figure is important in understanding
the relationship between different terms often referred to when discussing RIA scenarios.
The power pulse is usually referred to as the reactor power pulse as depicted in Figure 5.10,
in Figure 6.30 it is depicted as the volumetric heat generation rate that is applied to the fuel
in this simulation. The injected energy or energy deposition is the integral of the power, so
in this case it refers to the total energy deposited into the fuel. The radial average enthalpy
is an area or volume weighted calculation of the enthalpy of the fuel that plays a larger role
in high burnup fuels with large radial variations in power due to the rim effect. For this case
the maximum RAE is 710.9 J/gUO2 (absolute value referenced from 0 K) that occurred at
1.0105 s. To reach the fuel RAE target of 711 J/gUO2 this case requires 721.05 J/gUO2 of
total energy injected into the enriched pellets. The energy injected into the fuel at the time
of the maximum RAE is 663 J/gUO2 . The remaining energy is injected during the tail of
the pulse. Even though, as it has been previously stated, the power tail has little effect on
the thermo-mechanical results, the presence of the tail is one main benefit to using RAE
as a metric for fuel failure over energy deposition alone. The RAE takes into account the
cooling in the fuel due to radial heat loss where the energy deposition just reports the total
energy generated or deposited into the fuel. With delayed neutrons much of that energy in
the tail is less than the energy that is lost radially and in many cases does not contribute
much to an increase in the temperature of the fuel.
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Fig. 6.30: Target case power profile, injected energy, and resultant radial averaged enthalpy
for the 136-ms FWHM TREAT pulse. The maximum radial averaged enthalpy in the
fuel was 710.9 J/gUO2 and the final energy deposited into the enriched pellets was 721.05
J/gUO2
The RAE results in Figure 6.30, and all future results discussed, correspond to the midheight location in the fuel column. As discussed in Section 5.2.3, an axial power profile is
applied to the fuel column to account for the natural uranium end pellets. All eight enriched
pellets are specified to receive 100% of the power pulse while the end pellets receive 21.6%
of the power. In reality there is a small pellet-to-pellet variation in PCF, but that variation
is not addressed in this initial study, therefore the location in the fuel with highest RAE
occurs at the mid-height location of the fuel column. In future efforts a discrete pellet
model with pellet-to-pellet PCFs will be modeled, but the main goal of this study is to
demonstrate the tools developed to calculate the RAE in the fuel and to provide details on
the resulting performance of the fuel.
Figure 6.31 plots the temperatures in the rodlet at the mid-height of the fuel. The fuel
centerline, fuel surface, cladding inner surface and outer surface are plotted. The maximum
fuel temperature was 2495 K at 2.215 s, even though the pulse appears to be over shortly
after 1 second (Figure 6.30) the temperature continues to increase slightly for a short period
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of time due to the small amount of energy that is added during the tail of the pulse. The
maximum cladding temperature of 1296 K occurs at the inner surface of the cladding at
1.307 s, the maximum cladding surface temperature is 1240 K at 1.33 s.
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Fig. 6.31: Rodlet temperatures at the mid-height location of the fuel column. The maximum
fuel temperature reached is 2496 K and the maximum cladding temperature is 1297 K.

Figure 6.32a is a plot of the cladding hoop strain and stress at the exterior surface
of the cladding. The maximum cladding hoop strain is 0.86% and occurs at 1.055 s while
the maximum cladding hoop stress is only 54 MPa and occurs at 0.916 s. The cladding
hoop stress is much lower than expected even though considerable strain is present in the
clad. Figure 6.32b plots the total, elastic, and plastic components of strain in the cladding
(thermal strains not plotted). Most of the strain is plastic strain that does not contribute to
the stress, hence the low cladding hoop stress. Due to the high cladding temperatures the
yield strength is significantly reduced resulting in significant plastic strain accumulation.
An interesting observation of the plastic strain in Figure 6.32b is that it does not appear to
be permanent. During the simulation there is a reversal of stress states as the fuel begins
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to cool and the diameter decreases (Figure 6.33 plots the radial displacement at the fuel
outer radius) the high water pressure on the outside of the cladding results in a compressive
hoop stress. During this transition the cladding temperature is still elevated resulting in a
reversal of plastic strain accumulation.
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Fig. 6.32: Cladding exterior surface hoop strains and stresses at the mid-height location
of the fuel column. b) Components of cladding hoop strain. Inset plots show more detail
during the short timescale of the pulse.

The fuel-to-cladding gap conductance along with the gap width evolution is plotted in
Figure 6.33. The effect of different gap resistances to a stand-alone RELAP5 model [123]
shows the impact on resulting fuel and especially cladding temperatures. As can be seen
from Figure 6.33 the gap conductance is very dependent upon the gap width. During the
time when the gap between the fuel and cladding is closed results in gap conductance values
2-3 times higher than when the gap is open.
The time dependence of the gap conductance and reversal of plastic strain due to
the increase in Multi-SERTTA vessel pressure demonstrates the importance of the BISON/RELAP5 coupling. Additionally, the ability to couple BISON with RELAP5 for more
accurate thermal-hydraulic conditions for the static environment in the Multi-SERTTA capsules is an important aspect in this study. The cladding-to-water heat transfer coefficient
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is plotted in Figure 6.34. The inset shows the result during the pulse of the transient. The
figure also shows the convective heat transfer mode where the modes are defined in [147].
During the pulse the heat transfer transitions from single-phase subcooled liquid convection
(mode 2) to subcooled nucleate boiling (mode 3), subcooled transition boiling (mode 5),
and eventually into subcooled film boiling (mode 7) very quickly. The transition into film
boiling begins at 0.856 s and film boiling continues until 15.705 s or ∼14.8 s of film boiling duration. The return to nucleate boiling results in a quick increase in convective heat
transfer which impacts can be seen in the fuel and cladding temperatures in Figure 6.31
and the hoop strain in Figure 6.32.
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Fig. 6.33: Gap conductance (left ordinate), gap width and fuel radial displacement (right
ordinate) at the mid-height location of the fuel column

Other important outputs that RELAP5 provides are the water pressure, temperature,
and void fraction in the SERTTA capsule. In this case the pressure increased from the
initial pressure at HZP conditions of 15.5 MPa to a maximum pressure of 16.8 MPa. The
increase in vessel pressure impacts the thermo-mechanics for the fuel rod. The external
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Fig. 6.34: Cladding to coolant convective heat transfer coefficient and the mode of convective
heat transfer at the mid-height location of the fuel; inset shows onset of film boiling. The
film boiling duration is ∼14.8 s.
pressure exerted on the cladding from the water affects the stresses and strains in the
cladding as well as the thermal aspect through the effect on the gap conductance. The
water temperature near the mid-height of the fuel increased from the HZP condition of
553.15 K to a maximum of 622.7 K. The void fraction in the water increases to a maximum
value of 0.033 at 15.755 s. The temperature and void fraction of the water may be important
parameters to model as feedback to MCNP modeling. The PCFs may be dependent on the
temperature and void fraction of the water surrounding the fuel. These effects are currently
not accounted for and may be important depending on the event timing.

6.2.2

Parameter Variations

As outlined in Section 5.2.6, there are multiple parameters that are of interest to this
problem and the impact they can have on important results such as max fuel radial average
enthalpy, cladding temperatures, and other mechanisms that may lead to failure. Many of
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the parameters of interest involve modifying the pulse, whether in total energy deposited
or the pulse width. Therefore, a parametric study was performed where the pulses and
resultant energy depositions are displayed in Figure 6.35. The cases are described as: the
default case with a low plenum pressure (LP), a high plenum pressure case (HP), a CHF
factor of two (CHFx2), a CHF factor of four (CHFx4), a 10 ms FWHM pulse (10 FWHM),
a 60 ms FWHM pulse (60 FWHM), 20% less energy (-20% Energy), 10% less energy (-10%
Energy), 10% more energy (+10% Energy), and 20% more energy (+20% Energy). All the
cases in Figure 6.35b with the default energy deposition of 721 J/gUO2 will result in the
same final energy deposition but due to the power tail and different pulse widths the values
do not converge until after 10 s. A table of the all the cases with the maximum values of
various thermo-mechanical and thermal-hydraulic parameters and the time at which the
maximum value took place is displayed in Table 6.5.
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Fig. 6.35: a) Pulse width and b) energy deposition variations

While Table 6.5 provides information on the maximum values on parameters such as
the fuel RAE, it does not provide detailed information on how those values differed from
the default case. For example there is a small variation in the max fuel RAE for cases with
the exact same pulse width and energy deposition (LP, HP, CHFx2, and CHFx4), but the
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Table 6.5: Maximum values of thermo-mechanical and thermal-hydraulic parameters from
the various cases studied. Values in parentheses represent the time of each respective
maximum value.
Max Values
(Time to max)
Energy Deposition (J/gUO2 )
Fuel Radial Average
Enthalpy (J/gUO2 )
Fuel Centerline Temp (K)
Fuel Surface Temp (K)
Cladding Inner Temp (K)
Cladding Outer Temp (K)
Total Hoop Strain (%)
Elastic Hoop Strain (%)
Plastic Hoop Strain (%)
Hoop Stress (MPa)
Film Boiling Duration (s)
Water Temp (K)
Water Pressure (MPa)

LP

HP

10 FWHM

60 FWHM

CHFx2

CHFx4

-20%

-10%

+10%

+20%

721.1
710.9
(1.010)
2496
(2.215)
1518
(0.987)
1297
(1.307)
1240
(1.330)
0.86
(1.055)
0.16
(0.916)
0.49
(1.040)
53.8
(0.916)
14.8
622.7
16.8

721.1
703.2
(1.007)
2495
(2.185)
1416
(1.175)
1338
(1.228)
1278
(1.250)
0.79
(1.047)
0.13
(0.916)
0.39
(1.037)
44.1
(0.916)
14.6
622.5
16.8

723.1
760.0
(0.077)
2560
(1.381)
1900
(0.071)
1321
(0.489)
1262
(0.520)
0.90
(0.289)
0.60
(0.071)
0.52
(0.183)
354.1
(0.071)
14.0
621.4
16.8

720.3
732.4
(0.451)
2516
(1.800)
1557
(0.432)
1303
(0.810)
1245
(0.830)
0.87
(0.540)
0.35
(0.411)
0.50
(0.497)
155.5
(0.411)
14.5
620.9
16.8

721.1
709.5
(1.010)
2496
(2.210)
1497
(0.994)
1288
(1.332)
1232
(1.355)
0.85
(1.057)
0.20
(0.920)
0.48
(1.040)
76.3
(0.920)
14.8
622.7
16.7

721.1
699.2
(1.000)
2495
(2.120)
1329
(0.939)
899
(0.956)
633
(0.951)
0.72
(0.996)
0.53
(0.997)
0.0
(-)
286.1
(0.998)
0.0
621.9
16.7

576.8
590.6
(1.010)
2195
(2.058)
1356
(1.000)
1189
(1.304)
1138
(1.355)
0.54
(1.064)
0.09
(0.954)
0.19
(1.047)
16.9
(0.954)
11.8
614.7
16.2

648.9
650.8
(1.010)
2353
(2.145)
1437
(0.994)
1237
(1.334)
1183
(1.375)
0.71
(1.060)
0.14
(0.930)
0.34
(1.040)
39.6
(0.930)
13.2
618.1
16.4

793.1
770.8
(1.010)
2626
(2.268)
1598
(0.981)
1352
(1.280)
1292
(1.302)
1.01
(1.069)
0.18
(0.905)
0.62
(1.040)
63.9
(0.905)
15.9
623.1
17.0

865.3
830.5
(1.010)
2744
(2.299)
1676
(0.975)
1401
(1.270)
1338
(1.295)
1.14
(1.047)
0.20
(0.897)
0.74
(1.035)
71.9
(0.897)
17.0
625.0
17.4

impact of these changes on the fuel RAE after the maximum value is not apparent from the
table alone. Figure 6.36 shows the fuel RAE for all cases. With regards to the evolution of
RAE there is no considerable difference between the default case and the CHFx2 case. The
higher plenum pressure results in a higher gap conductance over the low plenum pressure
cases resulting in a slightly faster cooling of the fuel and a slightly lower RAE. The CHFx4
case had a significant effect on the rate of cooling of the fuel and results in a much different
profile as compared to the previous cases. The influence of energy variations on the pulse
had similar impact on the resultant RAE by scaling in a similar amount. The +10% case
resulted in a 10% increase in energy deposition but the resultant increase in RAE was only
8.4%. A complete table of the percent difference between the default case and the cases
with different energy variations is shown in Table 6.6.
The pulse width and RAE have a negative correlation, thus an increase in the pulse
width will decrease the RAE. The negative correlation is expected since the shorter the
pulse the less time is allowed for the heat to transfer out of the fuel into the cladding and
coolant, thus effectively resulting in a higher average temperature throughout the fuel. The
same effect of pulse width on the RAE was shown in a similar study [7].

Radial Average Enthalpy (J/gUO2 )
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Fig. 6.36: Fuel Radial Average Enthalpy for all cases
The fuel temperature trends are similar to the default case shown in Figure 6.31 with
slight variations due to pulse widths and total energy deposition. The maximum values
are located in Table 6.5 and the percent variations in Table 6.6. The only case showing
significant differences is the CHFx4 case with a much faster cooling rate similar to the RAE
shown in Figure 6.36.
The mechanical results begin to show some interesting phenomena as can be seen
when observing the maximum hoop stress for the CHFx4 case in Table 6.5 and Figure 6.37
compared to the other cases with the 136 ms pulse. The maximum hoop stress is 286 MPa
compared to the default case of 54 MPa and even the CHFx2 case of 76 MPa. This is
a considerable increase that can be explained by observing the total hoop strains and the
elastic and plastic components shown in Figure 6.38. The total hoop strain for the standard
energy deposition cases do not vary much in magnitude but the components of strain and
the timing varies considerably which can be used to explain the large differences in stress.
The CHFx4 case accumulates no plastic strain due to the low temperature of the cladding.
This results in the majority of the strain to be the elastic component that directly correlates
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Table 6.6: Percent difference between the default case and the cases with different energy
variations.
% Difference
-20% -10% +10% +20%
Energy Deposition (J/gUO2 )
Fuel Radial Average Enthalpy (J/gUO2 )
Fuel Centerline Temp (K)
Fuel Surface Temp (K)
Cladding Inner Temp (K)
Cladding Outer Temp (K)
Total Hoop Strain (%)
Hoop Stress (MPa)
Film Boiling Duration (s)
Water Temp (K)
Water Pressure (MPa)

-20.0
-16.9
-12.0
-10.7
-8.3
-8.2
-37.3
-68.6
-20.3
-1.3
-3.4

-10.0
-8.4
-5.7
-5.3
-4.6
-4.6
-17.9
-26.4
-10.8
-0.7
-2.1

10.0
8.4
5.2
5.3
4.2
4.2
16.8
19.0
6.8
0.1
1.5

20.0
16.8
10.0
10.4
8.0
7.9
32.2
33.7
14.2
0.4
3.4

to the large stresses. The magnitude of total strain of the shorter pulse cases is similar to
the default case, but again the stresses are considerably larger even though the magnitude
of plastic strain for the shorter pulse cases is similar to the default case. The difference
in stress states is due to the timing of the elastic strain and accumulated plastic strain.
Figure 6.32b shows that for the default case the elastic and plastic strains are increasing at
the same time and the time to the respective max values is very similar. The shorter pulse
cases have a delay in the accumulation of plastic strain relative to the increase in elastic
strain. This can be seen by observing the time to max values in Table 6.5.
The high plenum pressure case (HP) has shown very little differences to the default
case for all thermal parameters. In general it resulted in slightly lower fuel temperatures
and higher cladding temperatures due to the increased gap conductance of a higher gas
pressure. The mechanical differences were more pronounced showing a decrease in stress
and strain. The low plenum pressure cases show a higher initial and final compressive stress
on the cladding (Figure 6.37), simply due to the pressure differentials between the outside
and inside of the cladding changing the initial and final stress states on the clad.
The CHFx4 case accumulates no plastic strain as a result of the cladding temperatures remaining considerably lower than the other cases. The temperatures remained lower
because there was no departure from nucleate boiling where all other cases experience a

115

Hoop Stress (MPa)

400

HP
LP
10 FWHM
60 FWHM
CHFx2
CHFx4
-20%
-10%
10%
20%

300
200
100
0
100
200

0

2

4
6
Time (s)

8

10

Fig. 6.37: Cladding exterior surface hoop stress at the mid-height location of the fuel column
for all cases.
considerable film boiling duration of ∼14 seconds. During that time, the cladding temperatures are elevated which will result in considerable oxidation. This long film boiling
duration and elevated cladding temperatures are not prototypic of what you would expect
in a typical PWR during a RIA, but these are the conditions that are expected in the
Multi-SERTTA vessel and the objective of this work is to develop the tools necessary to
simulate the conditions present during a rodlet test in Multi-SERTTA.

Total Hoop Strain (%)
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Fig. 6.38: Cladding exterior surface a) total, b) elastic, and c) plastic hoop strains at the
mid-height location of the fuel column for all cases.
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6.3

Uncertainty and Sensitivity Analysis
Due to the simplistic nature of the case modeled the results are not representative of

actual results expected during a future test in TREAT but provide a qualitative understanding of the expected uncertainty and sensitivity involved in such modeling and experiments.
This work also provides possible tools and methodologies to be used in future experimental
and model validation work. This section will first discuss the uncertainty quantification and
will be followed by the sensitivity analysis.

6.3.1

Uncertainty Quantification

The following subsection will show the estimated uncertainty of a variety of different
parameters. First the thermal parameters of interest will be discussed followed by the
mechanical parameters. Note: in the following figures the parameters of interest will be
plotted in a similar fashion. The reference value corresponding to the default or mean
values in Table 5.4 is plotted with the 5% lower and 95% upper bounds found using the
order statistics method defined in Section 5.3.2. Additionally the uncertainty band found
by subtracting the lower bound from the upper bound is plotted on the right ordinate axis.
In some plots an inset will show the same data over a shorter time scale during the pulse.

Thermal Parameters
As has previously been stated, the parameter of most interest for RIA problems is
the fuel radial average enthalpy since this is the parameter used for regulatory acceptance
criteria. The RAE is plotted in Figure 6.39. The reference case reaches a maximum value of
∼740 J/gUO2 at 100.263 s, but due to uncertainty that value can vary by as much as ±60
J/gUO2 . The uncertainty band increases significantly during the transient (100.0∼100.3
s) mainly due to the uncertainty in the pulse width as that controls the rate of energy
deposited in the fuel, but the maximum uncertainty band occurs after the pulse during the
cooling of the fuel.
The fuel centerline temperature is plotted in Figure 6.40. The maximum temperature
of the reference case is 2550 K at 100.273 s with the 95% upper uncertainty bound being
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2660 K at 100.293 s. The uncertainty band reaches ∼427 K during the pulse and increases
again to just over 400 K during the cooling after the pulse. Figure 6.41 shows the cladding
surface temperature. The sharp increase of cladding temperature during the transient is
evidence of film boiling, resulting in a maximum reference temperature of 1180 K and
an upper uncertainty bound of 1233 K. The uncertainty band for the cladding surface
temperature reaches just over 600 K. This will be talked about in more detail later but
a significant portion of this uncertainty comes from the critical heat flux factor. In order
to improve the predictions for cladding temperature a significant effort in developing more
accurate thermal-hydraulic correlations for fast transient boiling conditions is needed. From
the three previous figures, it is apparent that the uncertainty bands increase significantly
during periods of high gradients, usually during the pulse or during the cooling phase just
after the pulse. Additional figures of the fuel outer surface temperature and clad inner
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surface temperature can be seen in the Appendix (Figure A.1 and Figure A.2).

Fig. 6.39: Radial Average Enthalpy of the fuel. Reference case plotted with the lower (5%)
and upper (95%) uncertainty bounds for the 1000 cases. The uncertainty band is plotted
on right ordinate. Small inset plot shows more detail during the short times

Another parameter that is of interest is the fuel-to-clad heat transfer coefficient or
gap conductance (Figure 6.42). It is especially of interest especially after the large differ-

3000

3000
500
2500
400
2000
300
1500
200
1000
100
500
0
100.00
100.25
100.50
Reference Value
Lower and Upper Uncertainty Bound
Uncertainty Band

2500
2000
1500
1000
500
100

105

110

115 120
Time (s)

125

500
400

Uncertainty Band (K)

Fuel Centerline Temperature (K)

119

300
200
100

0
130

1300
1200
1100
1000
900
800
700
600
500
100

1300
1200
1100
1000
900
800
700
600
500
100.0

105

700
600
500
400
100.5 101.0 101.5
300
Reference Value
200
Lower and Upper Uncertainty Bound
Uncertainty Band
100
0
110
115
120
Time (s)
700
600
500
400
300
200
100
0
102.0

Uncertainty Band (K)

Cladding Surface Temperature (K)

Fig. 6.40: Fuel centerline temperature with upper and lower uncertainty bounds.

Fig. 6.41: Cladding surface temperature with upper and lower uncertainty bounds.
ence between BISON and SCANAIR prediction for the fuel-to-clad heat transfer coefficient
(Figure 6.25) for the CIP0-1 test. BISON predicted a gap conductance 8 times lower than
SCANAIR which resulted in different prediction for the fuel and cladding temperatures.
For this test the reference peak value reached ∼38 kW/m2 /K with an uncertainty band of
∼26 kW/m2 /K. So there is a very large range of values predicted by BISON but even on
the high end the values are still considerably less than predicted by SCANAIR. The gap
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conductance is very dependent on the gap width which can be seen in Figure A.3 of the
Appendix. The amount of time the fuel is in contact with the cladding correlates directly
with the amount of time the gap conductance is elevated. Once the gap begins to open
back up during the cooling of the fuel the gap conductance begins to decrease accordingly.
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Fig. 6.42: Fuel-to-clad heat transfer coefficient with uncertainty bounds

Mechanical Parameters
A number of mechanical parameters are important to look at for RIA scenarios. Due to
a higher thermal expansion coefficient in the fuel than the cladding and large temperature
increases in the fuel during a RIA result in a large amount of fuel expansion that eventually closes the fuel-to-clad gap and exerts considerable displacements into the cladding
(fuel outer radius is shown in Figure A.4 in the Appendix). This displacement driven problem creates large amounts of stress and strain in the cladding. Additionally the elevated
cladding temperatures can results in the accumulation of permanent plastic deformation
in the cladding. This permanent deformation is important to predict because in many
cases (Figure 6.5, Figure 6.10, and Figure 6.29) that is the only measurable hoop direction
parameter available during RIA experiment tests to compare against experimental results.
The clad total hoop strain is shown in Figure 6.43. For this problem the maximum hoop
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strain for the reference problem was 0.84%. As was discussed earlier and will be covered in
more detail in the sensitivity analysis, this hoop strain is due to the rapid thermal expansion
of the fuel into the cladding, as such one of the largest contributions to the hoop strain is
the uncertainty due to the fuel thermal expansion and the fuel temperature which is driven
by the amount of energy injected during the pulse.
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Fig. 6.43: Clad total hoop strain with upper and lower uncertainty bounds

In addition to looking at the total hoop strain the plastic hoop strain is important
due to the experimental considerations mentioned previously. The permanent plastic hoop
strain is shown in Figure 6.44. The interesting observation is that the lower bound shows
that no plastic deformation is present, and as such the uncertainty band is equal to the upper
uncertainty bound. This can be due to a number of things. Plastic deformation requires the
stress to exceed the yield stress of the cladding, and as can be seen in Figure 6.45 the lower
bound for the peak stress is only ∼60 MPa. The mechanisms that lead to the accumulation
of plastic strain are many, the yield stress must be exceeded but the yield stress is dependent
on cladding temperature and strain rate. The stress is dependent on the cladding strain and
temperature since the modulus of elasticity is temperature dependent. The amount of strain
is dependent on the fuel thermal expansion as well as initial geometry considerations. So

122
accurate predictions of plastic deformation (all mechanical parameters) is complicated due
to so many interaction and dependencies between other mechanical and thermal parameters.

0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0
100

0.7
0.6
0.5
0.4
0.3
0.2
Reference Value
Lower and Upper Uncertainty Bound 0.1
Uncertainty Band
0.0
102
103
104
105
Time (s)

Uncertainty Band (%)

Clad Plastic Hoop Strain (%)

The sensitivity analysis will help to better understand these dependencies and interactions.
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Fig. 6.44: Permanent plastic hoop strain with upper and lower uncertainty bounds

Fig. 6.45: Cladding hoop stress at outer surface with upper and lower uncertainty bounds
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6.3.2

Sensitivity Analysis

The sensitivity study was used to identify which input parameters had a significant
impact on the output parameters, additionally the squared Pearson or Spearman parameter
and Sobol indices can provide a measure of the percentage of uncertainty in the output due
to the uncertainty on a specific input. The summation of all the input parameters for
each output also gives an idea of the linearity of the system when looking at the Pearson
measures, the monotonicity for the Spearman measures and if the relationship is additive
for the Sobol measures. When evaluating these sensitivity measures the Pearson correlation
will be first looked at since it is the simplest of all the measures. If the Pearson measures
show there is a lot of non-linearity in the system for that output then the Spearman and
Sobol measures will be used since they are more appropriate for non-linear relationships.
The amount of data available in this section considering the 11 output parameters, the
three different sensitivity measures used, and the six different times during the simulation
the sensitivity analysis was performed requires consideration when discussing this data. Not
all times and parameters will be discussed in detail but all the data will be available in this
section and the Appendix.
The sensitivity measures were evaluated at five times through the simulation (see Table 5.6) and for the maximum value of each output. The Pearson squared measures for
time t1 at the beginning of the power pulse (correlates to HZP initial conditions) is shown
in Table 6.7. All the tables in this section will be presented the same way. All the inputs
are presented in the rows and the outputs in the columns. The output parameters shown
in these tables are defined in Table 5.5. All of the input measures are summed for each
output and is shown in the last row. The top four inputs are highlighted for each output
to show the top four input uncertainties contributing to the output uncertainty. In the
case for the data in Table 6.7 the radial average enthalpy (RAE) and all four temperatures
only have uncertainties coming from the coolant inlet temperatures. This is because at this
point in the simulation the fuel rod is at HZP conditions with the temperatures specified
by the initial temperature. With regards to the clad total hoop strain (CTHS) 92% of the
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uncertainty comes from uncertainty in the clad thermal expansion model. The summation
row is also highlighted green if the summation is greater than 0.9, blue if it is greater than
0.8, and highlighted red if the summation is less than 0.7.
For time t1 all the Pearson measures sum close to unity so the system can be considered
linear and the Pearson measures are sufficient. Another good indication of a linear system is
when the Pearson, Spearman, and Sobol measures all agree. This can be seen by observing
the Spearman and Sobol measures for time t1 in Table A.1 and Table A.2 of the Appendix.
Also in Table 6.7 there is no measures for the plastic hoop strain (PHS), this is because
at this point in the simulation no plastic deformation has accumulated. There will also be
times when the fuel-to-cladding gap (GW) is blank and this is due to the gap being fully
closed during that point in the simulation.

Table 6.7: Pearson squared measures for time t1 at the beginning of the power pulse

The Pearson squared measures for the time at the peak power pulse (t2 ) are shown
in Table 6.8. It can be seen here that the Pearson correlation does not perform well for

125
a number of the outputs. For example, the summation on the temperature of the clad
outer surface (TCO) is only 0.597. That typically means that ∼60% of the uncertainty
come from linear effects that are shown in the table with the largest coming from the
heat transfer coefficient and the injected energy. For this parameter a better sensitivity
measure is needed. The Spearman correlations are shown in Table A.3 and for the TCO the
summation increases 0.928 which confirms there are many non-linear features not identified
by the Pearson correlation. It also shows that even though there is non-linearity for the TCO
it is monotonic. Considering there is such a large uncertainty involved with the cladding
surface temperature (Figure 6.41) and it is one of the parameters that can be measured
during experiments it is important to understand what contributes to this uncertainty. The
top four input uncertainties that contribute to the TCO uncertainty are the clad to coolant
heat transfer coefficient (27%), injected energy (20%), cladding inside diameter (15%) and
the coolant pressure (8.5%). These four inputs account for over 70% of the uncertainty in
the clad surface temperature.
Observing the data in Table 6.8, Table A.3, and Table A.4 shows that the injected
energy, fuel thermal expansion coefficient, fuel outer diameter, and clad inner diameter
(these last two affect the initial fuel-to-clad gap) are the most influential input parameters
to many of the outputs. So being able to characterize or accurately control these during
experiments will be important for reducing uncertainty in both modeling and experiments.
The Pearson measures for the time at the end of the power pulse are shown in Table 6.9.
The summation in the last row show that all the parameters behave very linear during this
phase in the simulation. Table A.5 and Table A.6 in the Appendix show that the outputs are
monotonic and additive in nature also. At this time the outputs all appear to be sensitive
to the injected energy except for the gap conductance. Contrary to the previous time where
very few of the temperature outputs where sensitive to the coolant conditions (coolant heat
transfer coefficient and coolant critical heat flux) they all appear to be highly sensitive to
it, expect for the fuel centerline temperature. The uncertainty due to the coolant critical
heat flux accounts for over half or more of the uncertainty to the TFO, TCI, and TCO
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Table 6.8: Pearson squared measures for time t2 at the peak of the power pulse

outputs. The critical heat flux also contributes a considerable uncertainty to the cladding
hoop stress and the cladding plastic hoop strain.
The sensitivity measures for t4 at 101 seconds into the simulation is the most difficult
time for the sensitivity measures chosen (Table 6.10 below and Table A.7 and Table A.8 in
the Appendix). There are a number of outputs that are not characterized well by any of
the sensitivity measures. This means that either more samples need to be taken or different
sensitivity measures need to be employed. The gap width is one of the outputs that does not
perform well with any of the measures. When observing the data in Figure A.3 it appears
one of the reason for the poor performance of the sensitivity measures is that there is still
a number of cases in which the gap is still closed. In hindsight, choosing the gap width as
one of the outputs to analyze might not have been the best choice because it isnt relevant
to many of the times chosen to analyze for this task.
At 101 seconds into the simulation the injected energy, coolant heat transfer coefficient
and coolant critical heat flux appear to be the most influential parameters on many of the
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Table 6.9: Pearson squared measures for time t3 at the end of the power pulse

outputs. The critical heat flux is a very significant influence on all by the fuel centerline
temperature. This goes back to what has been previously mentioned on the large uncertainty
associated with boiling heat transfer under fast transients, and the critical heat flux appears
to be a large contribution to that uncertainty.
For the end of simulation time (200 seconds) the Sobol indices are the best sensitivity
measure to observe. Table 6.11 shows that the Sobol indices measure does a good job on
all but the fuel-to-clad gap, but even then approximately 70% of the uncertainty is due to
additive effects whether linear or non-linear. The interesting thing to observe for the end
of the simulation is how all the thermal parameters (RAE, TFC, TFO, TCI, and TCO) are
all identical. Most of the uncertainty for these come from the coolant inlet temperature as
that is the specified thermal boundary condition.
As mentioned in Section 6.3.1 the plastic hoop strain is an important parameter to
accurately predict because in many cases the permanent cladding displacement at the end
of the simulation is one of the only parameters that can be experimentally measured after
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Table 6.10: Sobol measures for time t4 at 101 s

the experiment. The most significant inputs to the plastic hoop strain uncertainty are
cladding inside diameter, energy injected, fuel thermal expansion, and the coolant critical
heat flux. Those four parameters account for ∼68% of the uncertainty in the plastic hoop
strain. But it should also be noted that even though the Sobol measure is the best option
in this case there is still ∼15% that is unaccounted for likely due to interaction effects. So
for a better understanding of all the mechanisms influencing the plastic hoop strain at the
end of the simulation either more samples is needed or a different sensitivity metric.
The Sobol sensitivity measures for the maximum outputs is shown in Table 6.12. The
Sobol measured outperformed the Pearson and Spearman measures (Table A.11 and Table A.12 in the Appendix) for the maximum outputs, but all the sensitivity measures did a
reasonable job for this instance.
The Pearson correlation show that for most of the outputs the effects appear to be
mostly linear and the good agreement between the Spearman and Pearson confirms this.
The Sobol indices provide very good measures for all parameters except the gap. So even
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Table 6.11: Sobol measures for time t5 at the end of the simulation (200 s)

though there may be some non-linear effects not seen by the Pearson measure those effects
are seen by the Sobol indices and they appear to be mainly additive. The gap in this case
can be misleading because when observing Figure A.3 there may be instances where the
max value could be the initial value or a final value.
When the maximum values are considered the injected energy appears to be one of the
most influential parameters for a majority of the outputs. The influence of the uncertainty
in the thermal-hydraulics from the coolant heat transfer coefficients and the coolant critical
heat flux are leading contributors to the uncertainty for many of the outputs. These two
parameters account for over 80% of the uncertainty to the cladding inside temperature and
over 87% to the cladding outer temperature. So again the emphasis on how important
properly understanding the thermal-hydraulics during RIAs is demonstrated here.
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Table 6.12: Sobol measures for the maximum values of each output

CHAPTER 7
CONCLUSIONS
The overall goal of this work is to provide the best possible fuel performance modeling
assessment of LWR fuel rods for reactivity-initiated accidents. Throughout this report the
relationship between the three topics discussed in Chapter 2, namely reactivity-initiated
accidents, future experiments in the TREAT facility, and fuel performance modeling using BISON was addressed. The relationship between these three topics was addressed by
completing the following objectives: initial validation and benchmarking of BISON for RIA
scenarios, an assessment of the first test planned for RIA studies in TREAT, and to quantify
the uncertainty and sensitivity of key phenomena during tests in TREAT. Some of the main
conclusions from this work will be discussed.
The BISON validation and benchmark work shows that BISON is capable of performing RIA type problems. In general the thermal predictions showed very good agreement,
especially with the fuel thermal predictions. The mechanical results do not show the same
close agreement to the experimental or benchmark data as the thermal results did. Much
of the differences come from the initial fuel-to-cladding gap estimation prior to the RIA
transient. BISON overestimates the gap which results in BISON under predicting many
of the mechanical results. The results can be improved similar to the CIP0-1 case where
the gap can be imposed based upon actual pre-RIA fuel rod measurements, which showed
considerable improvement in mechanical predictions.
Participation in an international fuel codes benchmark for reactivity-initiated accidents
provided good exposure of the BISON code to the international community. The participation also provided a way to benchmark BISON against multiple codes that have been
developed around the world for fuel performance modeling, with some of the codes developed specifically for RIA scenarios. Results from this benchmark, including contributions
from BISON, were published in multiple reports.
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A novel coupling between BISON and RELAP5 provide the tools for a better estimation
of thermo-mechanical and thermal-hydraulic predictions needed for future experiments. The
coupling allows BISON to be used for baseline predictions of future tests in the MultiSERTTA capsule in TREAT taking advantage of the strengths of each code, BISON for
thermo-mechanical predictions and RELAP5 for thermal-hydraulic predictions.
The uncertainty and sensitivity study provides a qualitative understanding of the expected uncertainties during RIA experiments which will aid in experiment design and interpreting results from future experiments. From this study, uncertainties in fuel and cladding
temperature during the transient can be as high as 500 K and 600 K, respectively. The
sensitivity study also provides insight into which input uncertainties contribute the most to
variations in an output parameter. For example, the pulse width does not have a significant
impact on mechanical properties, and therefore its effect on PCMI related failures may
not be significant when considering a pulse width uncertainty of ±10% from the nominal
136 ms FWHM pulse. On the other hand the injected energy uncertainty is a significant
contributor to the uncertainty on almost all of the outputs.
Understanding the relationship between uncertainties on input parameters to the code,
or boundary conditions to the experiment, is valuable as it can help identify which parameters may need attention to reduce the effects of uncertainty. Concerning the uncertainty on
the cladding temperatures, the uncertainty of the coolant critical heat flux is a significant
factor. This emphasizes the importance of being able to accurately predict the thermalhydraulic conditions during a RIA. The thermal-hydraulic behavior of boiling during fast
transients is still, to date, not well understood and is widely considered by the RIA modeling community as a large contributor to the uncertainties involved in accurately modeling
these accidents.
The collective work from the three objectives shows that BISON is a capable tool for
modeling reactivity-initiated accidents. BISON along with the other tools developed and
used in this work can be used for predictive modeling and as a guide for aiding in the design
of future experiments. As with any work there are necessary improvements and this work
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has helped to identify some of those necessary improvements.

CHAPTER 8
FUTURE WORK
Even though the reactivity-initiated accident validation work for BISON is a significant
step forward there is still plenty of improvement and future work needed to fully validate
the BISON code for transient applications such as RIAs. Some of the improvements include:
• Including frictional contact for all cases will improve axial displacement predictions
that can be compared against experimental results and benchmark data
• Discrete pellet mesh will provide more prototypic results and better comparisons to
measured data such as in Figure 6.5
• For pre-irradiated fuel, including fuel creep and mechanisms for fuel cracking during
the base irradiation will improve initial conditions for the RIA analysis
• Fuel-clad bonding occurs with high-burnup cases and results in a much different estimation of the fuel-to-cladding gap after the base irradiation. During cold zero power
conditions this could likely result in a closed gap between the fuel outer surface and
the cladding inner surface with gaps opening up inside the fuel cracks. Understanding
and accounting for this could likely have a big impact on the estimation of pellet-cladmechanical-interactions during RIAs and other transient events.
• Implement a failure model for RIA applications to predict when failure occurs during
fast transients such as RIAs
• Only a small set of cases have been considered thus far with additional cases needed
to improve confidence in using BISON for RIA analysis
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Fig. A.1: Fuel outer surface temperature with upper and lower uncertainty bounds
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Fig. A.2: Clad inner surface temperature with upper and lower uncertainty bounds
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Fig. A.3: Fuel-to-clad gap width with upper and lower uncertainty bounds
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Table A.1: Spearman squared measures for time t1 at the beginning of the power pulse
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Table A.2: Sobol measures for time t1 at the beginning of the power pulse

Table A.3: Spearman squared measures for time t2 at the peak of the power pulse
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Table A.4: Sobol measures for time t2 at the peak of the power pulse

Table A.5: Spearman squared measures for time t3 at the end of the power pulse
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Table A.6: Sobol measures for time t3 at the end of the power pulse

Table A.7: Pearson squared measures for time t4 at 101 s
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Table A.8: Spearman squared measures for time t4 at 101 s

Table A.9: Pearson squared measures for time t5 at the end of the simulation (200 s)
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Table A.10: Spearman squared measures for time t5 at the end of the simulation (200 s)

Table A.11: Pearson squared measures for the maximum values of each output
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Table A.12: Spearman squared measures for the maximum values of each output
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